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Background of the Invention 

1. Field of the Invention 

The present invention relates to a semiconductor 
light-emitting device such as a light-emitting diode 
(LED) or a laser diode (LD), and in particular to a. 
light-emitting device having a semiconductor structure 
formed of all nitride semiconductor materials. 

2 . Description of the Related Art 

As materials for a light-emitting device such as 
an LED or LD device which is expected of emitting a 
light ranging from ultraviolet to red, nitride 
semiconductor materials ( In x Al y Ga 1-x-y N; 0 ^ x, 0 g y, 
x + y ^ 1) are known, and blue and blue-green LEDs have 
been put to practical use in, for example, displays or 
signals . 

The light-emitting device such as a blue LED or a 
blue-green LED formed of nitride semiconductor 
materials and now actually used has a double- 
heterostructure. This light-emitting device is 
fundamentally constructed such that an n-type contact 
layer consisting of an n-type GaN, an n-type clad layer 
consisting of an n-type AlGaN, an n-type active layer 
consisting of an n-type InGaN, a p-type clad layer 
consisting of a p-type AlGaN and a p-type contact layer 
consisting of a p-type GaN are superimposed on a 
substrate made for example of sapphire in the order 
mentioned. The active layer is doped with a donor 



impurity such as Si or Ge and/or an acceptor impurity 
such as Mn or Mg. The light emission wavelength of the 
LED device can be changed from the ultraviolet region 
to the red region by varying the content of In in the 
composition. of InGaN of the active layer or by changing 
the kind of impurities to be doped into the active 
layer. The LED now put to practical use is an LED 
having an emission wavelength of 510 run or less, with 
its active layer doped with both of donor and acceptor 
impurities. This LED is has a buffer layer formed of, 
for example, GaN or AlN between the substrate and the 
n-type contact layer . 

On the other hand, there have been many proposals 
on a structure of an LD device to date. For example, 
Unexamined Japanese Patent Application Publication 
(Kokai) 6-21511 discloses a separation confinement 
type LD having a structure wherein an active layer 
consisting of InGaN and having a thickness of not 
more than 100 angstroms is interposed between an n-type 
GaN layer and a p-type GaN layer, and the resultant 
composite is further sandwiched between an n-type AlGaN 
layer and a p-type AlGaN layer. Both of the AlGaN 
layers functioning as a light confinement layer. 

Through the realization of a double- 
heterostructure in an LED device as explained above, it 
has become possible to improve the light-emitting 
output, thus enabling the LED device to be actually 
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used. However, since an InGaN layer doped with 
impurities is utilized as an active layer in this LED 
device, this LED device is accompanied with a drawback 
that the half band width of emission spectrum can not 
avoid from becoming wide. For example, a full color 
display provided with an LED device having a luminescent 
spectrum of wide half band width will exhibit a whitish 
luminescent light, thus narrowing the color-reproducing 
region thereof . 

As for LD device, it is theoretically possible to 
realize a laser oscillation in a double-heterostructure 
comprising an active layer formed of a non-doped InGaN 
as described in the above-mentioned Unexamined Japanese 
Patent Application Publication 6-21511, but the laser 
15 oscillation is not yet realized with such a double- 

heterostructure. It is expected to greatly improve the 
emission output by making the active layer into a 
quantum well structure as described in this Publication. 
However, there are many problems to be solved, such as 
20 the preparation of an optical resonance surface or of 

an optical confinement layer, before the LD device can 
be actually realized. 

In order to realize an LD device, the active layer 
thereof is required to exhibit a sharp and strong band- 
25 to-band emission. Even with an LED device, it is 

possible to obtain an emission spectrum having a narrow 
half band width, provided a band-to-band emission can 



be realized. However, the thickness of the active 
layer in the conventional LED device is relatively 
thick, i.e., 0.1 to 0.2 m, thus the thickness of 
InGaN layer hetero-epi taxially grown on an AlGaN layer 
already exceeds over the critical thickness, so that it 
was impossible with the conventional LED device to 
realize a strong band-to-band emission, thus failing to 
realize a laser oscillation. Meanwhile, if an LED 
device is formed into a quantum well structure by 
greatly thinning the active layer as shown in the 
above-mentioned Unexamined Japanese Patent Application 
Publication 6-21511, it may be possible to obtain a 
strong band-to-band emission. However, if the 
thickness of the active layer is thinned, the light 
confinement may then become insufficient thus making it 
impossible to realize a laser oscillation. 

Summary of the Invention 
Therefore, a first object of the present invention 
is to provide a nitride semiconductor light-emitting 
device which is capable of generating an excellent 
laser oscillation. 

A second object of the present invention is to 
provide a nitride semiconductor light-emitting device 
which is capable of exhibiting an improved emission 
output . 

These and other objects which will become apparent 
from the following detailed description have been 
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achieved according to the present invention by a 
nitride semiconductor light-emitting device comprising: 

an active layer of a quantum well structure 
comprising a nitride semiconductor containing indium 
5 and gallium, and having first and second main surfaces; 

a first p-type clad layer comprising a p-type 
nitride semiconductor containing aluminum and gallium, 
and provided in contact with the second main surface of 
the active layer; 
10 a second p-type clad layer comprising a p-type 

nitride semiconductor containing aluminum and gallium, 
having a larger band gap than that of the first p-type 
clad layer, and provided on the first p-type clad 
layer; and 

15 an n-type semiconductor layer provided in contact 

with the first main surface of the active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising : 

20 an active layer comprising of a quantum well 

structure comprising a nitride semiconductor containing 
indium and gallium, and having first and second main 
surfaces ; 

a first n-type clad layer made of an n-type 
25 nitride semiconductor containing aluminum and gallium 

or of an n-type GaN, and provided in contact with the 
first main surface of the active layer, the first 
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n-type clad layer having a thickness within a range of 
10 angstroms to 1.0 i± m; 

a second n-type clad layer comprising an n-type 
nitride semiconductor having a larger band gap than 
that of the. first n-type clad layer, and provided on 
the first n-type clad layer; and 

a p-type semiconductor layer provided in contact 
with the second main surface of the active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising: 

an active layer of a quantum well structure 
comprising a nitride semiconductor containing indium 
and gallium, and having first and second main surfaces; 

a first n-type clad layer made of an n-type 
nitride semiconductor containing aluminum and gallium, 
or of an n-type GaN, and provided in contact with the 
first main surface of the active layer; 

a second n-type clad layer comprising an n-type 
nitride semiconductor having a larger band gap than 
that of the first n-type clad layer, and provided on 
the first n-type clad layer; 

a first p-type clad layer comprising a p-type 
nitride semiconductor containing aluminum and gallium, 
25 and provided in contact with the second main surface of 
the active layer; and 

a second p-type clad layer comprising a p-type 
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nitride semiconductor containing aluminum and gallium, 
having a larger band gap than that of the first p-type 
clad layer, and provided on the first p-type clad 
layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer of a quantum well 
structure comprising a nitride semiconductor containing 
indium and gallium and interposed between an n-type . 
nitride semiconductor layer and a p-type semiconductor 
layer, the p-type semiconductor layer including a p- 
type clad layer provided in contact with the active 
layer, the p-type clad layer comprising a p-type 
nitride semiconductor containing aluminum and gallium 
and having a thickness within a range of 10 angstroms 
to 1.0 /tin, 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer of quantum well 
structure interposed between an n-type nitride 
semiconductor layer and a p-type semiconductor layer, 
the active layer comprising a nitride semiconductor 
containing indium and gallium, and provided with a well 
layer having a thickness of not more than 70 angstroms. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer of a quantum well 
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structure having first and second main surfaces,, and 
comprising a nitride semiconductor containing indium 
and gallium; and a first n-type clad layer comprising 
an n-type nitride semiconductor containing indium and 
5 gallium. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer of a quantum well 
structure having- first and second main surfaces, and 

10 comprising a nitride semiconductor containing indium 

and gallium; and a first p-type clad layer comprising a 
p-type nitride semiconductor containing indium and 
gallium- 
According to the present invention, there is 

15 further provided a nitride semiconductor light-emitting 

device comprising: 

an active layer comprising a nitride semiconductor 
containing indium and gallium, and having first and 
second main surfaces; 

20 a first n-type clad layer comprising an n-type 

nitride semiconductor not containing aluminum, and 
provided in contact with the first main surface of the 
active layer; and 

/ 

a p-type clad layer comprising a p-type nitride 
25 semiconductor and having a surface region, at least 

the surface region comprising a p-type nitride 
semiconductor containing aluminum and gallium, the 
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p-type clad layer being provided in contact with the 
second main surface of the active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer of a quantum well 
structure comprising a nitride semiconductor; an 
negative electrode; a positive electrode; an n-type GaN 
contact layer provided in contact with the negative 
electrode; and a p-GaN contact layer provided in 
contact with the positive electrode. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer having first and 
second main surfaces, and comprising a nitride semi- 
conductor containing indium and gallium; and a first 
n-type clad layer comprising an n-type nitride semi- 
conductor containing indium and gallium, having a 
larger band gap than the active layer, and being 
provided in contact with the first main surface of the 
20 active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer having first and 
second main surfaces, and comprising a nitride semi- 
conductor containing indium and gallium; and a first 
p-type clad layer comprising a p-type nitride semi- 
conductor containing indium and gallium, having 
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a larger band gap than the active layer, and being 
provided in contact with the second main surface of the 
active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising: 

an active layer comprising a nitride semiconductor 
containing indium and gallium, and having first and 
second main surfaces; 

a first n-type clad layer comprising an n-type 
nitride semiconductor containing indium and gallium, 
having a larger band gap than that of the active layer, 
and provided in contact with the first main surface of 
the active layer; 

a first p-type clad layer " comprising a p-type 
nitride semiconductor containing indium and gallium, 
having a larger band gap than that of the active layer, 
and provided in contact with the second main surface of 
the active layer; 

a second n-type clad layer comprising an n-type 
nitride semiconductor containing aluminum and gallium, 
having a larger band gap than that of the first n-type 
clad layer, and provided in contact with the first n- 
type clad layer; and 
25 a second p-type clad layer comprising a p-type 

nitride semiconductor containing aluminum and gallium, 
having a larger band gap than that of the first p-type 
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clad layer, and provided on the first p-type clad 
layer . 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
5 device comprising an active layer comprising a nitride 

semiconductor containing at least indium and interposed 
between a first n-type clad layer comprising an n-type 
nitride semiconductor having a smaller thermal 
expansion coefficient than that of the active layer and 
10 a first p-type clad layer comprising a p-type nitride 

semiconductor having a smaller thermal expansion 
coefficient than that of the active layer, wherein the 
active layer is of a single-quantum well structure or 
of a multi-quantum well structure, thereby to emit a 
15 light of lower energy than the inherent band gap energy 

of the nitride semiconductor forming the active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising a first n-type clad layer made of an 
20 n-type nitride semiconductor containing indium or of an 

n-type GaN; and an active layer comprising a nitride 
semiconductor containing indium, having a larger 
thermal expansion coefficient than that of the first n- 
type clad layer and provided in contact with the first 
25 n-type clad layer, wherein the active layer is of a 

single-quantum well structure or of a multi-quantum 
well structure, thereby to emit a light of lower energy 
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than the inherent band gap energy of the nitride 
semiconductor forming the active layer. 

According to the present invention, there is 
further provided a nitride semiconductor light-emitting 
device comprising an active layer comprising a nitride 
semiconductor containing indium; and a first p-type 
clad layer comprising a p-type nitride semiconductor 
containing aluminum, having a larger thermal expansion 
coefficient than that of the active layer and provided 
in contact with the active layer wherein the active 
layer is of a single-quantum well structure or of a 
multi-quantum well structure, thereby to emit a light 
of lower energy than the inherent band gap energy of 
the nitride semiconductor forming the active layer. 
Brief D escription of the Drawing * 
FIG. 1 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a first embodiment of the present 
invention; 

FIG. 2 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a second embodiment of the present 
invention; 

FIG. 3 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a third embodiment of the present 
invention; 
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FIG. 4 is a graph showing a relationship between 
the thickness of a first p-type clad layer and the 
emission output according to a first embodiment of the 
present invention; 

FIG. 5. is a graph showing a relationship between 
the thickness of a first n-type clad layer and the 
emission output according to a second embodiment of the 
present invention; 

FIG. 6 is a graph showing a relationship between 
the thickness of a well layer and the emission output; 

FIG. 7 is a graph showing a relationship between 
the thickness of a barrier layer and the emission 
output; 

FIG. 8 is a graph showing the output of a light- 
emitting device of the present invention in comparison 
with that of the conventional light-emitting device; 

FIG. 9 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a fifth embodiment of the present 
20 invention; 

FIG. 10 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a sixth embodiment of the present 
invention; 

FIG. 11 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a seventh embodiment of the present 
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invention ; 

FIG. 12 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a still further embodiment of the present 
invention; 

FIG. 13 is a oblique view of the structure of 
FIG. 12; 

Fig. 14 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a eighth embodiment of the present 
invention; 

FIG. 15 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a still further embodiment of the present 
15 invention; 

FIG. 16 is a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to a ninth embodiment of the present 
invention; and 

FIG. 17 is a graph showing a relationship between 
the thickness of a well layer and the emission peak 
wavelength . 

Detailed Description of the P r eferred Kmbodimenf. 
In the following description, In x Ga x _ x N (0<x<l) is 
sometimes referred to simply as inGaN. Likewise, 
(0<y<l) is sometimes referred to simply as AlyGa-^yN. 
According to a first embodiment of the present 
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invention, there is provided a nitride semiconductor 
light-emitting device provided with an active layer 
interposed between an n-type nitride semiconductor 
layer and a p-type nitride semiconductor layer, the 
active layer being formed of a nitride semiconductor 
containing indium and gallium, and constructed into a 
quantum well structure (single-quantum well or multi- 
quantum well structure). The above mentioned p-type 
nitride semiconductor layer comprises, as mentioning 
from the active layer side, a first p-type clad layer 
formed of a p-type nitride semiconductor containing 
aluminum and gallium, and a second p-type clad layer 
having a larger band-gap than that of the first p-type 
clad layer and formed of a p-type nitride semiconductor 
15 containing aluminum and gallium. 

FIG. 1 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device (LD 
structure) according to the first embodiment ' of the 
present invention. Referring to FIG. 1, the light- 
emitting device comprises a substrate 11 on which an n- 
type contact layer 12, an n-type clad layer 13, an 
active layer 14, a first p-type clad layer 61, a second 
P-type clad layer 62 and a p-type contact layer 15 are 
superimposed in the mentioned order. On the surface of 
the p-type contact layer 15, there is formed a current- 
contracting layer 16 formed of an insulating material 
and having an opening 16a formed therein. On the 
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surface of this current-contracting layer 16 is formed 
a positive electrode (p-electrode) 17 connected to the 
p-type contact layer 15 through the opening 16a. On 
the other hand, a negative electrode ( n-electrode ) 18 
is formed on the surface of the n-type contact layer 
12. In the case of an LED device, the positive 
electrode 17 is directly formed on the p-type contact 
layer 15, without forming the current-contracting 
layer 16 . 

The substrate 11 may be made of sapphire 
(including the C-plane, R-plane and A-plane thereof), 
SiC (including 6H-S1C and 4H-S1C), Si, ZnO, GaAs , 
spinel (MgAl 2 0 4 , particularly (111) plane), and a 
monocrystalline oxide having a lattice constant which 
15 is close to that of the nitride semiconductor may be 

employed. Among them, sapphire and SiC are generally 
employed. Although a buffer layer is not specifically 
shown in FIG. 1, a buffer layer formed of GaN or AlN 
several hundred angstroms in thickness is often formed 
20 between the substrate and the nitride semiconductor for 

the purpose of relieving the mismatching of lattice 
constants of these materials. Since, however, this 
buffer layer can be omitted if the substrate is formed 
of SiC or ZnO whose lattice constant is very close to 
25 that of the nitride semiconductor, the buffer layer is 

not shown in FIG. 1. 

The n-type contact layer 12 may be formed of 



a n-type nitride semiconductor. if it is formed of a 
binary or ternary mixed crystal such as GaN or AlGaN, a 
contact layer of excellent crystallinity can be 
obtained. if the n-type contact layer 12 is formed of 
GaN in particular, an excellent ohmic contact with a 
negative electrode material can be achieved. A 
preferable n-conductivity can be obtained by doping the 
contact layer with a donor impurity such as Si, Ge or 
S. As for the materials for the negative electrode 18, 
the use of a metallic material containing both Ti and 
Au, or both Ti and Al is preferable. 

The n-type clad layer 13 may be formed of a p-type 
nitride semiconductor. If it is formed of a binary or 
ternary mixed crystal such as GaN , AlGaN or inGaN, a 
clad layer of excellent crystallinity can be obtained. 
If the n-type clad layer 13 is formed of InGaN or GaN 
in particular, the formation of a relatively thin 
active layer 14 can be made possible, so that an active 
layer of a single-quantum well (SQW) or a multi-quantum 
well (MQW) structure will be realized, thus greatly 
improving the output of the light-emitting device. it 
is possible to omit the n-type clad layer 13 in an LED 
device. The n-type clad layer 13 should desirably be 
formed in the case of an LED device to a thickness 
ranging from 10 angstroms to 1.0 „ m, preferably from 
30 angstroms to 0.1 M m, while in the case of an LD 
device to a thickness ranging from 100 angstroms to 
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1.0 fx m. 

The active layer 14 should most preferably be 
formed of a non-doped InGaN (no impurity is doped), 
thereby allowing an emission of 660 run to 365 nm to be 
5 obtained through a band-to-band emission. In order to 

prepare an InGaN active layer of excellent crystallinity 
having a thickness which is sufficiently thin enough to 
provide a single-quantum well or multi-quantum well 
structure, it is very preferable to form in advance, as 

10 an n-type clad layer 13, an InGaN layer having a larger 

band gap than the active layer 14 that will be 
subsequently grown on this InGaN layer. 

When the active layer 14 is of an SQW or MQW 
structure, a device of very high emission output can be - 

15 obtained. By the expressions of SQW and MQW 

structures, it is meant a structure of active layer 
from which a light emission of inter-quantum level 
through a non-doped In x Ga 1-x N composition can be 
obtained. For example, an active layer of the SQW 

20 structure is constituted by a single layer (well layer) 

formed of a single composition of In x Ga 1-x N (0 < x < 
1), and the clad layers 13 and 61 sandwiching the 
active layer constitute barrier layers . When the 
thickness of this In x Ga 1-x N layer is 100 angstroms or 

25 less, the active layer undergoes a plastic deformation, 

thus making it possible to obtain a strong light 
emission of inter-quantum level. On the other hand, 
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an active layer of the MQW structure is formed of a 
laminate of well and barrier layers/ alternately 
stacked. The well and barrier layers may consist of 
In x Ga l-x N layer (in this case, x may be from 0 to 1 ) 
5 different in composition from each other. In an active 

layer of the MQW structure, the two outermost thin 
films of the active layer constitute well layers. When 
the active layer is of an SQW or MQW structure, it is 
possible to obtain a visible LED of high output of 
10 inter-quantum level light emission having a wavelength 

ranging from about 365 run to 660 nm. When the 
thickness of the well layer of the quantum well 
structure is not more than 7 0 angstroms, preferably not 
more than 50 angstroms, a light-emitting device of high 
15 emission output will be obtained. This in turn 

indicates that this degree of thickness is not more 
than the critical thickness of the InGaN active layer . 
Since the Bohr radius of electron in the InGaN is about 
30 angstroms, the quantum effect of the InGaN is 
obtained when the thickness is 70 angstroms or less. 

Likewise, it is preferable in the case of multi- 
quantum well structure to adjust the thickness of the 
well layer to 70 angstroms or less, and to adjust the 
thickness of the barrier layer to 150 angstroms or 
25 less. 

Next, the first p-type clad layer 61 also 
featuring the first embodiment of the present invention 
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will be explained below. 

This first p-type clad layer 61 is formed of a p- 
type nitride semiconductor containing Al and Ga, and 
most preferably is formed of a ternary mixed crystal of 
AlGaN . This first p-type clad layer 61 functions as a 
light-guiding layer in an LD device. Namely, in the 
case of an LD device according to the first embodiment 
of the present invention, if the thickness of the 
active layer 14 is made sufficiently thin to provide a 
quantum well structure, the confinement of light within 
the active layer 14 may become insufficient. Therefore, 
this first p-type clad layer 61 is provided for 
functioning it as a light-guiding layer for confining 
light. Moreover, the AlGaN layer is most preferable 
15 because it can be easily made into a p-type layer of 

high carrier concentration, and at the same time is 
suited for enlarging a difference in band offset' or 
refractive index thereof relative to the InGaN active 
layer 14 as compared with other kinds of nitride 
semiconductors. Additionally, as compared with other 
kinds of nitride semiconductors, a p-type AlGaN is less 
susceptible to decomposition during the growth thereof, 
so that it has an effect of inhibiting the decomposition 
of InGaN of the active layer as it is grown by way of 
25 the MOVPE method for example. Because of this, an 

active layer of excellent crystallinity can be 
obtained, thus improving the output thereof. Under the 
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circumstances, the first p-type clad layer should most 
preferably be made of AlGaN. On the other hand, if the 
first p-type clad layer is formed of a p-type GaN, the 
emission output will be decreased to 1/3 of the case 
where the p-type AlGaN is employed. The reason of this 
phenomenon may be ascribed to the facts that GaN is 
less likely to be turned into p-type as compared with 
AlGaN and that GaN is more likely to be decomposed 
during the growth thereof, deteriorating the 
crystallinity thereof: but details are not clear yet. 

The thickness of the first p-type clad layer 61 
made of a p-type AlGaN should preferably be in the 
range of 10 angstroms to 1.0 fi m, more preferably 
10 angstroms to 0.5 am. if the first p-type clad 
15 layer 61 is thinner than 10 angstroms, any advantage to 

be obtained by the presence of the first p-type clad 
layer may be lost, giving rise to the decomposition of 
the active layer, thus causing the lowering of emission 
output. On the other hand, if the first p-type clad 
layer 61 is thicker than 1.0 * m, a crack is more 
likely to be formed in the first p-type clad layer 61, 
making it difficult to form a satisfactory device. 

In the case of an LD device in particular, the 
thickness of the first p-type clad layer 61 should 
preferably be within the range of 100 angstroms to 
1.0 fi m, more preferably 100 angstroms to 0.5 M m. If 
the first p-type clad layer 61 is thinner than 
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100 angstroms, the function thereof as a light-guiding 
layer may be lost. On the other hand, if the first p- 
type clad layer 61 is thicker than 1.0* m, a crack is 
more likely to be formed in the first p-type clad layer 
61, so that when a next layer is formed on this cracked 
layer, the resultant semiconductor layer will be poor 
in crystallinity, thus greatly lowering the output of 
the resultant device. Therefore, the control of the 
thickness of the first p-type clad layer 61 is very 
important in the case of an LD device. 

The second p-type clad layer 62 is formed of a p- 
type nitride semiconductor having a larger band gap 
than that of the first p-type clad layer 61, and 
containing Al and Ga . it is most preferably formed of 
a ternary mixed crystal of a p-type AlGaN, because if 
the second p-type clad layer is constituted by this p- 
type AlGaN, a p-type layer of high carrier concentration 
can be easily obtained. Additionally, if th e second p- 
type clad layer 62 is constituted by this p-type AlGaN, 
the differences in band gap and refractive index 
between the second p-type clad layer 62 and the first 
P-type clad layer 61 can be enlarged, thus allowing the 
second p-type clad layer 62 to effectively function as 
a light confinement layer. Although there is no 
particular limitation on the thickness of the second 
P-type clad layer 62, a thickness in the range of 
500 angstroms to about 1 * m is preferable in view of 
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obtaining a p-type AlGaN layer of good crystal quality 
and of high carrier concentration without cracking. 
The p-conductivity may be obtained by doping a nitride 
semiconductor with an acceptor impurity such as Mg, 2n , 

C, Be, Ca or Ba during the step of crystal growth 

thereof. if a p _ type layer Qf h±gh 

tion is to be obtained, it is preferable to perform an 
annealing at a temperature of 400^ or more after the 
doping of an acceptor impurity. when an annealing is 
performed in this manner, a carrier concentration of 
1 x 10 17 /cm 3 to 1 x 10l9/cm3 ^ ^ usuaiiy Qbtained ^ 

the p-type AlGaN . Meanwhile, in the manufacture of an 
LED device, the second p-type clad layer 62 formed of 
AlGaN may be omitted. 

The p-type contact layer 15 is formed of a p-type 
nitride semiconductor. if it is formed Qf & binary ^ 
ternary mixed crystal such as GaN or AlGaN, a contact 
layer of excellent crystallinity can be obtained. if 
the p-type contact layer 12 is formed of GaN in 
particular, an excellent ohmic contact with a positive 
electrode material can be achieved. As for the 
materials for the positive electrode 17, the use of a 
metallic material containing both Ni and Au is 
preferable. 

According to the first embodiment of the present 
invention, the first p-type clad layer 61 formed of p- 
type AlGaN is formed in contact with the active layer 
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14, and the second p-type clad layer 62 formed of p- 
type AlGaN and having a larger band gap than that of 
the first p-type clad layer 61 is formed in CQntact 
with the first p-type clad layer 61. with this 
construction, it has become possible to realize a 
light-emitting device of high emi ssion output with ^ 
first p-type clad layer 61 being functioned as a light- 
guiding layer and also as a protecting layer for the 
active layer 14, and the second p-type- clad layer 62 
being functioned as a light confinement layer. 

According to a second embodiment of the present 
invention, there is provided a nitride semiconductor 
light-emitting device provided with an active layer, as 
in the first embodiment, interposed between an n-type 
nitride semiconductor layer and a p-type nitride 
semiconductor layer. The above mentioned n-type 
nitride semiconductor layer comprises, as mentioning 
from the active layer side, a first n-type clad layer 
formed of an n-type nitride semiconductor containing 
indium and gallium or an n-type GaN, and a second n- 

type clad layer forined o£ an n _ type n . tride semi _ 

conductor having a larger band-gap than that of the 
first n-type clad layer. The thickness of the first n- 
type clad layer is in the range of 10 angstroms to 
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FIG. 2 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device (LD 
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structure) according to the second embodiment of the 
present invention. Referring to FIG. 2, the light- 
emitting device comprises a substrate 21 on which an n- 
type contact layer 22, a second n-type clad layer 72, a 
first n-type clad layer 71, an active layer 23, a p- 
type clad layer 24 and a p-type contact layer 25 are 
superimposed in the mentioned order. On the surface of 
the p-type contact layer 25, there is formed a current- 
contracting layer 2 7 formed of an insulating material 
and having an opening 26a formed therein. On the 
surface of this current-contracting layer 27 is formed 
a positive electrode 27 connected to the p-type contact 
layer 25 through the opening 25a. On the other hand, a 
negative electrode 28 is formed on the surface of the 
n-type contact layer 22. m an LED device, no current- 
contracting layer 2 7 is formed. 

To the substrate 21, the n-type contact layer 22, 
the active layer 23 and the p-type contact layer 25, 
the features and explanations described in the first 
embodiment with respect to the substrate 11, the n-type 
contact layer 12, the active layer 13 and the p-type 
contact layer 15 can be applied, respectively. 

in the second embodiment of the present invention, 
the second n-type clad layer 7 2 should be constituted 
by an n-type nitride semiconductor layer having a 
larger band gap than that of the first n-type clad 
layer 71, preferably a binary or ternary mixed crystal 
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of an n-type nitride semiconductor such as GaN or 
AlGaN. Of these materials, most preferred is a ternary 
mixed crystal of n-type AlGaN, because if the second p- 
type clad layer is constituted by this n-type AlGaN, 
the differences in band gap and refractive index can be 
made larger than those of the active layer 23 and the 
first n-type clad layer 71, thus allowing this second 
n-type clad layer to effectively function as a light 
confinement layer. Although there is not any critical 
limitation on the thickness of this second n-type clad 
layer, a thickness in the range of 500 angstroms to 
about 1 fi m may be preferable in view of obtaining an 
n-type AlGaN layer of high crystal quality which is 
free from any cracking. Meanwhile, in the manufacture 
of an LED device, this second n-type clad layer 72 
formed of AlGaN may be omitted. if this second n-type 
clad layer 72 is omitted, the n-type contact layer 22 
naturally takes the place of the second n-type clad 
layer. 

The first n-type clad layer 71 contacting with the 
active layer 23 is formed of an n-type nitride 
semiconductor containing In and Ga, or an n-type GaN. 
The thickness of the first n-type clad layer 71 should 
preferably be within the range of 10 angstroms to 
1 M m, more preferably 30 angstroms to 0.1 M m. With 
the thickness of the first n-type clad layer 71 being 
made larger than 10 angstroms or more, it is possible 
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to allow the first n-type clad layer 71 to function as 
a buffer layer between the active layer 23 and the 
second n-type clad layer 71. Namely, the first n-type 
clad layer 71 formed of inGaN or GaN is inherently soft 
in nature so that it is capable of absorbing a strain 
due to the mismatching, of lattice constants and a 
difference in thermal expansion coefficient between the 
second n-type clad layer 72 formed of AlGaN and the 
active layer 23. Due to the presence of this first n- 
type clad layer 71, all of the active layer 23, the 
second n-type clad layer 7 2 and the p-type clad layer 
24 can be hardly cracked even if the thickness of the 
active layer 23 is made thinner. in other words, since 
the first n-type clad layer 71 functions as a buffer 
layer, the active layer can be elastically deformed 
even if the thickness thereof is not more than 
100 angstroms, thus diminishing the crystal defect of 
the active layer. Owing to such an effect, the active 
layer retains its excellent crystal quality even if the 
active layer is thin, so that the emission output can 
be increased. Additionally, due to the thinning of the 
active layer, the light-emitting output can be 
increased according to the strain quantum well effect 
or exciton emission effect. If an n-type GaN is 
employed as a material for the first n-type clad layer 
71, a somewhat inferior but almost the same effect as 
obtainable with the employment of inGaN can be 
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obtained . 

In order to realize an LD device, the thickness of 
the first n-type clad layer 71 should preferably be 
within the range of 100 angstroms to 1.0 M m, because 
the first p-type clad layer 71 can be functioned as a 
light-guiding layer when the thickness thereof is 
100 angstroms or more. On the other hand, since the 
confinement of light in the active layer may become 
incomplete if . the active layer becomes very thin as in 
the case of the first embodiment, the first n-type clad 
layer 71 is utilized as a light-guiding layer for 
confining the light in the light-emitting device of the 
present invention. Fortunately, since InGaN or GaN 
constituting the first n-type clad layer 71 functions 
as a buffer in this case, the thinning of the active 
layer can be made possible. It is also important to 
adjust the thickness of the first n-type clad layer 71 
to not more than 1.0 n m. If the thickness of the 
first n-type clad layer 71 is larger than 1.0 u m, the 
color of InGaN becomes dark, thus making it very 
difficult to form an InGaN film of better quality. 
Moreover, a large number of pits will be formed in the 
resultant crystal, hence the production of LED or LD 
device of high output would become difficult, since the 
emission output of the device may be extremely lowered. 

According to the second embodiment of the present 
invention, the first n-type clad layer 71 formed of 
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n-type inGaN or n-type GaN is formed in contact with 
the active layer 23, and the second n . type clad ^ 
72 formed of n-type AlGaN and having a larger band gap 
than that of the first n-type clad layer 71 is formed 
" C ° ntaCt With thS first -type clad layer 71. with 
this construction, it has become possible in the case 
of an LD device to realize a light-emitting device with 
the first n-type clad layer 71 being functioned as a 
light-guiding layer and the second n-type clad layer 72 
being functioned as a light confinement layer, and in 
the case of an LED device to realize a light-emitting 
device of high emission output. 

According to a third embodiment of the present 
invention, there is provided a nitride semiconductor 
light-emitting device provided with an active layer, as 
in the first embodiment, interposed between an n-type 
nitride semiconductor layer and a p-type nitride- 
semiconductor layer. The above mentioned p-type 
nitride semiconductor layer comprises, as mentioning 
from the active layer side, a first p-type clad layer 
formed of an p-type nitride semiconductor containing 
aluminum and gall ium , and a second p . type ^ ^ 

formed of a p-type nitride semiconductor having a 
larger band-gap than that of the first p-type clad 
layer. The above mentioned n-type nitride 
semiconductor layer comprises, as mentioning from the 
active layer side, a first n-type clad layer formed of 
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an n-type nitride semiconductor containing indium and 
gallium or an n-type GaN, and a second , n-type clad 
layer formed of an n-type nitride semiconductor having 
a larger band-gap than that of the first n-type clad 
layer. 

FIG. 3 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device (LD 
structure) according to the third embodiment of the 
present invention. Referring to FIG. 3, the light- 
emitting device comprises a substrate 31 on which an n- 
type contact layer 32, a second n-type clad layer 82, a 
first n-type clad layer 81, an active layer 33, a first 
p-type clad layer 91, a second p-type clad layer 92 and 
a p-type contact layer 34 are superimposed in the 
mentioned order. On the surface of the p-type contact 
layer 34, there is formed a current-contracting layer 
35 formed of an insulating material and having an 
opening 35a formed therein. On the surface of this 
current-contracting layer 35 is formed a positive 
electrode 3 6 connected to the p-type contact layer 34 
through the opening 35a. On the other hand, a negative 
electrode 37 is formed on the surface of the n-type 
contact layer 32. 

In this third embodiment of the present invention, 
the thickness of the first p-type clad layer 91 should 
preferably be within the range of 100 angstroms to 
1.0 Am, more preferably 100 angstroms to 0.5 * m, 
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while the thickness of the first n-type clad layer 81 
should preferably be controlled to the range of 
10 angstroms to 1.0 /r m, more preferably 30 angstroms 
to 0.1 fi m 

5 The third embodiment of the present invention 

represents one of the most preferable structures of a 
light-emitting device. When this structure is applied 
to the LD device, the first n-type clad layer 81 
functions as a light-guiding layer; the second n-type 

0 clad layer 82, as a light confinement layer; the first 

p-type clad layer 91, as a light-guiding layer; and the 
second n-type clad layer 82, as a light confinement 
layer . 

To the substrate 31, the n-type contact layer 32, 
5 the second n-type clad layer 82, the first n-type clad 

layer 81, the active layer 33, the first p-type clad 
layer 91, the second p-type clad layer 92 and the p- 
type contact layer 34 in the third embodiment, the 
features and explanations described with reference to 
> the first and second embodiments can most preferably be 

applied. For example, the n-type contact layer 3 2 
should most preferably be formed of n-type GaN; the 
second n-type clad layer 82, formed of n-type AlGaN; 
the first n-type clad layer 81, formed of n-type InGaN; 
the active layer 33, formed of non-doped InGaN; the 
first p-type clad layer 91, formed of p-type AlGaN; the 
second p-type clad layer 92, formed of. p-type AlGaN; 
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and the p-type contact layer 34, formed of p-type GaN. 

According to a fourth embodiment of the present 
invention, there is provided a nitride semiconductor 
light-emitting device provided with an active layer, as 
in the first embodiment, interposed between an n-type 
nitride semiconductor layer and a p-type nitride 
semiconductor layer. The above mentioned p-type 
nitride semiconductor layer comprises a first p-type 
clad layer formed of an p-type nitride semiconductor 
containing aluminum and gallium, and contacted with the 
active layer, the thickness of the first p-type clad 
layer being in the range of 10 angstroms to 1.0 fj. m . 

The construction of the light-emitting device 
according to the fourth embodiment is not shown in the 
drawing, but is fundamentally the same as shown in 
FIG. 1, i.e., the materials and thicknesses of the 
substrate, the n- and p-type contact layers, the active 
layer, and the n- and p-type clad layers are the 
substantially the same as those described with reference 
20 to FIG. 1. Main feature of this fourth embodiment 

resides in that the first p-type clad layer 61 shown in 
FIG. 1 has a thickness within the range of 10 angstroms 
to 1.0 M m. According to this fourth embodiment, 
either the n-type contact layer 12 or the n-type clad 
layer 13 shown in FIG. 1 may be omitted, and further 
either the second p-type clad layer 62 or the p-type 
contact layer 15, or both of them may be omitted. 
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As mentioned above, the n-type clad layer 
contacting with the active layer in the fourth 
embodiment is preferably formed of an n-type nitride 
semiconductor containing In and Ga, particularly InGaN 
or of an n-type GaN. Because the n-type clad layer 
formed of InGaN functions as a buffer layer, absorbing 
a strain due to a mismatching of lattice constant and a 
difference in thermal expansion coefficient between the 
clad layer and the active layer, so that even if the 
thickness of the active layer is made thinner, the 
formation of crack in the active layer can be avoided, 
thus retaining its excellent crystal quality thereby 
increasing the emission output. Additionally, due to 
the thinning of the active layer, the light-emitting 
15 output can be increased according to the strain quantum 

well effect or exciton emission effect. 

Main feature of this fourth embodiment of the 
present invention resides in the thickness of the first 
p-type clad layer, which is within the range of from 
20 10 angstroms to 1,0 m ni. It is most important that 

when the active layer is of an SQW or MQW structure, 
the first p-type clad layer contacting with this active 
layer is formed of p-type AlGaN and has thickness of 
1 ii m or less. If the thickness of the first p-type 
25 clad layer is larger than 1 ^ m, cracks may be formed 

in the first p-type clad layer, thus making it unsuited 
for use as a light-emitting device. On the other hand, 
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if the thickness of the first p-type clad layer is 
smaller than 10 angstroms, the active layer is more 
likely to be decomposed as mentioned above, thereby 
lowering the light-emitting output. 

Unexamined Japanese Patent Application Publication 
(Kokai) 6-21511 discloses a light-emitting device which 
is similar in structure to the light-emitting device of 
the fourth embodiment. However, this Japanese Patent 
Unexamined Publication differs in the thickness of the 
first p-type clad layer from the present invention. 
Namely, according to this Publication, the p-type clad 
layer consisting of GaN or AlGaN is grown in an active 
layer to a thickness of as large as 2 ft m. Whereas, 
according to the present invention, the p-type clad 
layer is formed exclusively of AlGaN and the thickness 
thereof is 1 ^ m or less. As explained with reference 
to the first embodiment, AlGaN can be more easily 
turned into p-type as compared with other nitride 
semiconductor such as GaN, inGaN and InAlGaN, so that 
AlGaN can be formed into a p-type layer having the 
highest hole carrier concentration among these nitride 
semiconductors. Therefore, when a p-type AlGaN is 
formed into a p-type clad layer, a light-emitting 
device of very high emission output can be obtained. 
If this AlGaN is formed into a thick layer of as large 
as 2 a m, the layer can be hardly turned into p-type, 
and at the same time, due to the inherent nature of the 



AlGaN crystal, a crack may be formed in the resultant 
crystal during the growth thereof to such a thickness. 
Therefore, the light-emitting device disclosed in the 
above-mentioned Unexamined Japanese Patent Application 
Publication may be either hardly to emit light or 
difficult to produce. By contrast, according to the 
fourth embodiment of the present invention, the kind of 
p-type clad layer and thickness thereof that will be 
formed on a thin active layer are definitely determined, 
thus succeeding to produce a nitride semiconductor 
light-emitting device of practical structure. 

FIG. 4 is a graph showing the changes in emission 
output relative to the thickness of the first p-type 
clad layer 61 of the light-emitting device similar to 
that shown in FIG. 1. Specifically, the relative 
emission output shown in FIG. 4 is of an LED device 
comprising an n-type contact layer ( GaN ) 12 having a 
thickness of 4 m m, an n-type clad layer (InGaN) 13 
having a thickness of 500 angstroms, an active layer 
(InGaN) 14 having a thickness of 20 angstroms (a 
single-quantum well structure), a first p-type clad 
layer (AlGaN) 61 and a second p-type clad layer (AlGaN) 
62, each having a thickness of 0.1 fi m, and a p-type 
contact layer (GaN) 15 having a thickness of 1 y. m. 
Namely, the electrode 17 is formed directly on the p- 
type contact layer 15. 

As seen from FIG. 4, when the thickness of the 



first p-type clad layer 61 exceeds 1 M m, the emission 
output tends to be abruptly decreased. This can be 
ascribed to the deterioration in crystallinity of the 
device due to the formation of cracks in the first p- 
type clad layer 61. It will be also apparent from 
FIG. 4 that the thickness of the first p-type clad 
layer 61 in the case of LED should preferably be in the 
range of 10 angstroms (0.001 ^ m) to 1 M m. In the 
case of an LD device shown in the first and third 
embodiments, however, the thickness of the first p-type 
clad layer should preferably be 100 angstroms or more, 
since the first p-type clad layer is less likely to 
function as a light-guiding layer if the thickness 
thereof becomes less than 100 angstroms. 

FIG. 5 shows a graph showing the changes in 
emission output relative to the thickness of the first 
n-type clad layer 71 of the light-emitting device 
similar to that shown in FIG. 2. Specifically, the 
relative emission output shown in FIG. 5 is of a LED 
device comprising an n-type contact layer (GaN) 22 
having a thickness of 4 a m, an n-type clad layer 
(AlGaN) 72 having a thickness of 0.1 ^ m, a first 
n-type clad layer (InGaN) 71 having a thickness of 
20 angstroms, an active layer (InGaN) 23 having a 
thickness of 2 0 angstroms (a single-quantum well 
structure), a p-type clad layer (AlGaN) 24 having a 
thickness of 0.1 & m, a p-type contact layer (GaN) 25 
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having a thickness of 1 M m. Namely, the p-electrode 
27 is formed directly on the p-type contact layer 25. 

As seen from FIG. 5, when the thickness of the 
first n-type clad layer. 71 exceeds 1 n m, the emission 
output tends to be abruptly decreased. This can be 
ascribed to the deterioration in crystallinity of the 
device, e.g., a darkening of the crystal or the 
generation of pits in the crystal. On the contrary, if 
the thickness of the first n-type clad layer 71. is less 
than 30 angstroms, the emission output of the emission 
device tends to decrease. This indicates that a 
preferable thickness of the first n-type clad layer 71 
is 30 angstroms or more, with which the first n-type 
clad layer 71 formed of InGaN effectively functions as 
15 a buffer layer. Meanwhile, if the thickness of the 

first n-type clad layer 71 is less than 10 angstroms, 
it no more functions as a buffer layer, causing the 
generation of a large number of cracks in the active 
layer 23 and the clad layers 72 and 24, thus making it 
very difficult to manufacture the device, and at the 
same time greatly deteriorating the emission output. 
Therefore, the first n-type clad layer 71 in the second 
embodiment of the present invention should preferably 
have a thickness within the range of 10 angstroms to 
1 fi m, more preferably from 30 angstroms to 0.1 fj. m. 

FIGS . 6 and 7 respectively illustrates the 
relationship between the thickness of the well layer or 
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of the barrier layer and the relative emission output 
of the light-emitting device according to the present 
invention whose active layer is of a quantum well 
structure. As seen from these Figures, the thickness 
5 of the well layer should preferably be 70 angstroms or 

less, more preferably 50 angstroms or less, while the 
thickness of the barrier layer should preferably be 
150 angstroms or less, more preferably 100 angstroms or 
less. 

10 A nitride semiconductor light-emitting device 

according to a fifth embodiment of the present 
invention comprises an active layer which is similar in 
feature to the first embodiment mentioned above and has 
a first main surface and a second main surface. A 

15 first n-type clad layer formed of an n-type nitride 

semiconductor containing indium and gallium is formed 
in contact with the first main surface of the active 
layer. 

A nitride semiconductor light-emitting device 
20 according to a sixth embodiment of the present 

invention comprises an active layer which is similar in 
feature to the first embodiment mentioned above and has 
a first main surface and a second main surface. A 
first p-type clad layer formed of a p-type nitride 
25 semiconductor containing indium and gallium is formed 

in contact with the second main surface of the active 
layer . 



FIG. 9 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to the fifth embodiment of the present 
invention; and FIG. 10 shows a cross-sectional view 
5 schematically illustrating a structure of a light- 

emitting device according to the sixth embodiment of 
the present invention. The fifth and sixth embodiments 
of the present invention will be explained below with 
reference to these Figures . . 
10 The light-emitting device shown in FIG. 9 

comprises a substrate 121 on which a buffer layer 122 
for alleviating a lattice mismatching between the 
substrate 121 and the nitride semiconductor, an n-type 
contact layer 123 for forming a negative electrode 
15 thereon, a second n-type clad layer 124, a first n-type 

clad layer 125, an active layer 126, a second p-type 
clad layer 128 and a p-type contact layer 129 for 
forming a positive electrode thereon are superimposed 
in the mentioned order. 
20 The light-emitting device shown in FIG. 10 

comprises a substrate 131 on which a buffer layer 132 
for alleviating a lattice mismatching between the 
substrate 131 and the nitride semiconductor, an n-type 
contact layer 13 3 for forming a negative electrode 
25 thereon, a second n-type clad layer 134, an active 

layer 136, a first p-type clad layer 137 , a second p- 
type clad layer 138 and a p-type contact layer 13 9 for 
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forming a positive electrode thereon are superimposed 
in the mentioned order. 

In these fifth and sixth embodiments, the active 
layers 126 and 136 may be of a single-quantum well 
structure formed of InGaN, whose indium content can be 
changed depending on a desired band gap. Alternatively, 
the active layers 126 and 136 may be a laminate 
consisting of a combination of thin films, each 
differing in composition, such as InGaN/GaN or ' 
InGaN/InGaN (different in composition from the former) 
thereby to form a multi-quantum well structure. The 
active layer may be n-type or p-type in any of single- 
quantum well and multi-quantum well structures. 
However, when the active layer of the quantum well 
structure is a non-doped layer, a band-to-band emission 
of narrow half band width, an exciton emission or a 
inter-quantum well level emission may be obtained, 
which is preferable in view of realizing a light- 
emitting diode device or a laser diode. Alternatively, 
the active layers 126 and 136 may be doped with a 
donor impurity and/or an acceptor impurity. If the 
crystallinity of an active layer doped with an impurity 
can be controlled to the same quality as that of non- 
doped active layer, it is possible, through the doping 
with a donor impurity, to further increase the band-to- 
band light-emitting intensity as compared with the non- 
doped active layer. It is possible, through the doping 
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with an acceptor impurity, to shift a peak wavelength 
toward the lower energy side by a magnitude of about 
0 . 5 eV from the peak wavelength of the band-to-band 
emission, but the half band width will be enlarged in 
5 such a case.. If doping with both acceptor impurity and 

donor impurity is performed on an active layer, the 
light-emitting intensity of the active layer will be 
further intensified as compared with an active layer 
doped only with an acceptor impurity. If an active 
10 layer doped with an acceptor impurity is to be formed, 

the conductivity type of the active layer should 
preferably be turned into n-type by doping it with a 
donor impurity such as Si together with the doping of 
the acceptor impurity. However, since the active layer 
15 should ideally emit a strong light through a band-to- 

band emission according to the present invention, the 
employment of a non-doped InGaN as material for the 
active layer is most desirable. Speaking in other way, 
if an active layer is doped with an impurity, the 
20 crystallinity of the resultant layer is more likely to 

be deteriorated as compared with a non-doped active 
layer. Moreover, a light-emitting device where a non- 
doped InGaN is employed as an active layer is 
advantageous in lowering Vf (forward voltage) value as 
25 compared with a light-emitting device doped with an 

impurity. The thickness of each of the well layer and 
the barrier layer in an active layer of the quantum 
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well structure may be the same as that explained with 

reference to the first embodiment. 

The first n-type clad layer 125 contacting with 

the active layer 126 of the light-emitting device 
having the structure shown in FIG. 9 (the fifth 
embodiment) should desirably be constituted by an n- 
type In x G ai . x N (0 < x < 1). The value of "x» may be 
controlled to the range of preferably 0 < x < 0.5, more 
preferably 0 < x < 0.3, most preferably 0 < x < 0.2. 
The carrier concentration of this first n-type clad 
layer 125 should desirably be within the range of 
1 x l 0 18 /cm 3 to , x 10 20 /cn ,3. Generally , ag the molar 

ratio of in in InGaN is increased, the crystallinity of 
the compound tends to become more deteriorated. 
Therefore, in order to obtain an InGaN layer exhibiting 
a high emission output in practical use, it is 
preferable to grow an Ir^Ga^N where »x" value is 0.5 
or less. if the carrier concentration is less than 
1 x 10 18 /cm 3 , an electron injection efficiency of 
carrier into the InGaN active layer would be lowered, 
thus lowering the light-emitting output. On the other 
hand, if the carrier concentration is higher than 
1 x 10 2 <Vcm 3 , the crystallinity of the first n-type 
clad layer becomes deteriorated, thus possibly lowering 
the light-emitting output. 

The first p-type clad layer 137 contacting with 
the active layer 136 of the light-emitting device 
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having the structure shown in FIG. 10 (the sixth 
embodiment) should desirably be constituted by a p-type 
In y Ga l-y N (0 < y < 1). The value of -y may be 
controlled to the range of preferably 0 < y < 0 .5, more 
preferably 0 < y < 0.3, most preferably 0 < y < 0.2. 
The carrier concentration of this first p-type clad 
layer 137 should desirably be controlled within the 
range of 1 x lO^/cm 3 to 1 x 10 19 /ca 3 m The reasQn fQr 
limiting the value -y to not more than 0.5 is the same 
for limiting the value "x" to not more than 0.5. If 
the carrier concentration is less than 1 x 10 17 /cm 3 , a 
positive hole injection efficiency of carrier into the 
InGaN active layer would be lowered, thus lowering the 
light-emitting output. On the other hand, if the 
15 carrier concentration is higher than 1 x 10 19 /cm 3 , the 

crystallinity of the first p-type clad layer becomes 
deteriorated, thus possibly lowering the light-emitting 
output . 

In the conventional nitride semiconductor light- 
emitting device where an active layer mainly consisted 
of InGaN is interposed between a couple of clad layers 
mainly consisting of AlGaN respectively, with the 
decrease in thickness of the active layer, cracks are 
more likely to be generated in the InGaN active layer 
and the AlGaN clad layer. For example, when the 
thickness of the active layer is decreased to less than 
200 angstroms, a large number of cracks are inevitably 
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forced in the active layer and tha olad Uj-r> thus 

" ki " 9 " to M „^cture a light-emitting 

device. This implies that since ^ ^ ^ 

inherently very hard in physical nature, it is 
impossible for the thin InGaN active layer to 
elastically alleviate an mismatching of the lattices at 
the interface as well as a difference in thermal 
expansion coefficient between the active layer and the 
AlGaN clad layer. Because of this cracking in the c lad 
layer and in the active layer, it has been impossible 
to make the active layer thinner. 

Meanwhile, according to the fifth and sixth 
embodiments of the present invention, the first n-type 
clad layer 125 and the first P -type clad layer 137 both 
containing In and Ga are additionally formed, each in 
contact with the active layers 126 and !3 6 containing 
In and Ga, respectively, as shown in FIGS. 9 and 10. 
These first n-type clad layer 125 and first p-type clad 
layer !37 are disposed to function as a buffer layer 
between the active layer and the second n-type clad 
layer 124, or between the active layer and the second 
P-type clad layer !38, respectively. Namely, since the 
first clad layers 125 and 137 containing In and Ga are 
inherently soft in crystal nature, the first clad 
layers 125 and 137 are capable of absorbing any strain 
to be generated due to the mismatching of the lattice 
constants as well as due to a difference in thermal 
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expansion coefficient between the second clad layers 
124 and 138 containing Al and Ga and the active layers 
126 and 136. Accordingly, even if the active layer is 
made thin in thickness, there is no possibility of 
crack being introduced into the active layers 126 and 
136 as well as into the second clad layers 124 and 138. 
Due to the absorption of strain by the first clad 
layers 125 and 137, the active layer can be elastically 
deformed to minimize the crystal defect thereof even if 
. the active layer is sufficiently made thin to realize a 
single-quantum well or a multi-quantum well structure. 
Accordingly, even if the active layer is made thin, the 
crystallinity of the active layer can be excellently 
retained so as to make it possible to increase the 
emission output. Furthermore, due to the thinning of 
the active layer, it is possible to bring about the 
quantum effect as well as the exciton effect thereby 
increasing the light-emitting output of the light- 
emitting device. According to the conventional light- 
emitting device, it is required to make the thickness 
of the active layer as large as 1,000 angstroms or more 
in order to prevent a crack from being formed in the 
clad layer as well as in the active layer. However, 
since the active layer is always applied with strain 
due to a difference in thermal expansion coefficient 
and due to the mismatching of lattice constant, and 
since the thickness of the active layer of the 
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conventional light-emitting device exceeds the critical 
thickness enabling an elastic deformation of the active 
layer as mentioned above, the conventional active layer 
could not be elastically deformed, thus causing a large 
number of crystal defects in the active layer and 
making it impossible to emit a sufficient band-to-band 
emission . 

Next, the effects of the thickness in total of the 
first n-type clad layer 125 and the active layer 126, 
and of the thickness in total of the active layer 136 
and the first p-type clad layer 137 will be explained. 
It is desired that the thickness in total of the first 
n-type clad layer 125 and the active layer 126, and of 
the thickness in total of the active layer 136 and the 
first p-type clad layer 13 7 should preferably be 
controlled to 300 angstroms or more. m other words, a 
total thickness including the active layer containing 
In and Ga, and the first clad layer containing In and 
Ga should preferably be controlled to 300 angstroms or 
20 more. Because, if the thickness of nitride semi- 

conductor layers containing In and Ga (the active layer + 
the first clad layer) is less than 300 angstroms, 
cracks may possibly be formed in the active layer as 
well as in the first and second clad layers. The cause 
of this cracking can be ascribed to the fact that 
strain stresses due to mismatching of lattice constants 
or due to a difference in thermal expansion coefficient 



15 



25 



- 47 



10 



15 



20 



25 



mentioned above are acting on the interface between the 
second n-type clad layer 124 containing Al and Ga and 
the active layer 126, or between the second p-type clad 
layer 138 containing Al and Ga and the active layer 
136. Whereas, when the first clad layer functioning as 
a buffer layer is interposed between the second clad 
layer containing Al and Ga, and the active layer 
containing In and Ga, these strain stresses are 
alleviated, inhibiting the formation, .of crack in the 
active layer and the first and second clad layers. 
Accordingly, in view of alleviating these strain 
stresses, a nitride semiconductor layer containing In 
and Ga and formed of a soft crystal should preferably 
be grown to a thickness of 300 angstroms or more. For 
example, in the case of the fifth embodiment, when the 
first n-type clad layer 125 is formed to a thickness of 
not less than several angstroms, cracks can hardly be 
formed in the active layer and the clad layers even if 
the active layer 126 is formed to a thickness of 
300 angstroms. Alternatively, the first n-type clad 
layer 125 may be 300 angstrom thick, while the active 
layer 126 may be several angstroms in thickness. 
However, in the case of the fifth embodiment, since the 
active layer can be easily made thinner if the thickness 
of the first n-type clad layer 125 is relatively large, 
the first n-type clad layer 125 should preferably be 
formed to have a relatively large thickness. 
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in the fifth embodiment of the present invention, 
the second n-type clad layer 124 should desirably be 
constituted by an n-type Al^a^N (0 < a < l ) . The 
value of -a" may be controlled to the range of 
preferably 0 < a < 0.6, most preferably 0 < a < 0.4. 
Because the crystal of AlGaN is relatively hard, so 
that if -a" is more than 0.6, the possibility of 
generating a crack in the AlGaN itself would be 
abruptly increased. The carrier concentration of this 
second n-type clad layer 124 should desirably be 
controlled within the range of 5 x 10 17 /cm 3 to 
1 x io«/ch,3. if the carrier concentration is less 
than 5 x lO^/cm 3 , the resistivity of AlGaN will be 
increased, thus making the Vf of the light-emitting 
device higher, possibly lowering the light-emitting 
efficiency. On the other hand, if the carrier 
concentration is higher than 1 x 10 19 /cm 3 , the 
crystallinity of the first p-type clad layer becomes 
deteriorated, thus possibly lowering the light-emitting 
efficiency. The thickness of the second clad layer 124 
may be in the range of 50 angstroms to 1.0 ft m . 

in the sixth embodiment of the present invention, 
the second p-type clad layer 138 should desirably be 
constituted by a p-type Al b G ai _ b N (0 < b < 1). The 
value of -b- may be controlled to the range of 
preferably 0 < b < 0.6, most preferably 0 < b < 0.4. 
The reason for limiting the range of - b - is the same as 
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explained with regard to the second n-type clad layer 
124. The carrier concentration of this second p-type 
clad layer 138 should desirably be controlled within 
the range of 1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . if the 
carrier concentration is less than 1 x 10 17 /cm 3 , a 
positive hole injection efficiency of carrier into the 
active layer would be lowered, thus lowering the light- 
emitting output. On the other hand, if the carrier 
concentration- is higher than 1 x 10 19 /cm 3 , the 
crystallinity of the AlGaN becomes deteriorated, thus 
possibly lowering the light-emitting output. The 
thickness of this second clad layer 138 may be formed 
in the range of 50 angstroms to 1.0 n m . With the 
employment of a nitride semiconductor layer having Al 
and Ga for the formations of the second n-type clad 
layer 134 and the second p-type clad layer 138, the 
band offset thereof in relative to the active layer 
136, the first n-type clad layer 135 and the first p- 
type clad layer 137 can be enlarged to increase the 
20 light-emitting efficiency. 

According to the fifth embodiment of the present 
invention, an n-type contact layer 123 formed of an n- 
type GaN can be formed in contact with the first n-type 
clad layer 125 or with the second n-type clad layer 
25 124. This n-type GaN is suited for obtaining a most 

preferable ohmic contact with a negative electrode, 
thus lowering the Vf of a light-emitting device. 
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Moreover, since th e crystallinity thereQ£ ±< ^ 

MCeUent " C °- Pared " ith =^er nitride semiconductor 
of ternary or quaternary mixed crystal, the crys- 
tallinities of the first „-type ciad iayer 125 and the 
second n-type clad layer which are to be grown on this 
n-type GaN will be improved, thus improving the output 
of the resultant light-emitting device. Examples of 
electrode material which enables an excellent ohmic 
contact with the n-type contact" layer 1J3 are metallic 
materials containing Ti and Al, which may oe an alloy 
or a laminate, i.e., a stacked Ti and Al layers, when 
such a metallic material is employed with Ti being 
disposed to contact with the n-type GaN, a very 
preferable ohmic contact can be realized. The carrier 
concentration of this n-type contact layer 123 should 
desirably be within the range of 5 x 10 17 /=m3 to 
5 x 10»/=»3. « the carrier concentration is less 
than 5 x 10"/cm3, the formation of ohmic contact with 
an electrode would become difficult, thus possibly 
maxing the Vf of the light-emitting device higher. On 
the other hand, if the carrier concentration is higher 
than 5 x xo»/«3 f the crystallinities of the n-type 
GaN as well as other nitride semiconductor layers 
become deteriorated, thus possibly lowering the light- 
emitting efficiency. 

According to the sixth embodiment of the present 
invention, a p-typ e contact layer 139 formed of 



a p-type GaN can be formed in contact with the first p- 
type clad layer 137 or with the second p-type clad 
layer 138- This p-type GaN is suited for obtaining a 
most preferable ohmic contact with a positive 
electrode, thus lowering the Vf of a light-emitting 
device. Examples of electrode material which enables 
an excellent ohmic contact with the p-type contact 
layer 139 are metallic materials containing Ni and Au. 
When such a metallic material is employed with Ni being 
disposed to contact with the p-type GaN , a very 
preferable ohmic contact will be realized. The carrier 
concentration of this p-type contact layer 139 should 
desirably be controlled within the range of 
1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . If the carrier 
concentration is less than 1 x 10 17 /cm 3 / the formation 
of ohmic contact with an electrode would become 
difficult. On the other hand, if the carrier 
concentration is higher than 1 x 10 19 /cm 3 , the 
crystallinities of the p-type GaN itself would become 
deteriorated, thus possibly lowering the light-emitting 
efficiency. 

A nitride semiconductor light-emitting device 
according to a seventh embodiment of the present 
invention comprises an active layer which is similar in 
feature to the first embodiment mentioned above and has 
a first main surface and a second main surface. A 
first n-type clad layer formed of an n-type nitride 



semiconductor not containing aluminum is formed in 
contact with the first main surface of the active 
layer. A second p-type clad layer formed of a p-type 
nitride semiconductor containing Al and Ga is provided 
in contact with the second main surface of the active 
layer. 

FIG. 11 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to the seventh embodiment of the present 
invention . The light -emitting device shown in FIG . 11 
comprises a substrate 151 on which a buffer layer 152 
for alleviating a lattice mismatching between the 
substrate 151 and the nitride semiconductor , an n-type 
contact layer 15 3 for forming a negative electrode 
thereon, a second n-type clad layer 154 , a first n-type 
clad layer 155 , an active layer 156, a second p-type 
clad layer 158 and a p-type contact layer 15 9 for 
forming a positive electrode thereon are superimposed 
in the mentioned order. 

In this seventh embodiment , the first n-type clad 
layer 155 formed on the first main surface of the 
active layer 156 is not required to be an n-type 
nitride semiconductor containing indium and gallium as 
in the case of the fifth embodiment, but may be an n- 
type nitride semiconductor not containing aluminum . 
Namely, in a specific embodiment where the fifth and 
sixth embodiments of the present invention are 



combined, GaN can be employed as the first n-type clad 
layer 155. Specifically, this first n-type clad layer 
155 should desirably be constituted by an n-type 
In x Ga 1 _ x N ( 0 <. x < 1 ) . Preferably, the value of "x" 
may be within the range of 0 < x < 0.5 f more preferably 

0 <. x <. 0.3, most preferably 0 < x <. 0 . 2 . The carrier 
concentration of this first n-type clad layer 155 
should desirably be controlled within the range of 

1 x 10 18 /cm 3 to 1 x 10 20 /cm 3 . Because, if "x" value is 
selected to 0.5 or less in the In x Ga 1-x N for the 
preparation of the first clad layer, a light-emitting 
layer exhibiting a high emission output in practical 
use can be obtained. If the carrier concentration is 
less than 1 x 10 18 /cm 3 , an injection efficiency of 
electron into the InGaN active layer would be lowered, 
thus lowering the light-emitting output. On the other 
hand, if the carrier concentration is higher than 

1 x 10 20 /cm 3 , the crystallinity of the first n-type 
clad layer becomes deteriorated, thus possibly lowering 
the light-emitting output. 

The second p-type clad layer 15 8 (in FIG. 11, a 
first p-type clad layer 157 is interposed) contacting 
with the second main surface of the active layer 156 is 
formed of a p-type nitride semiconductor containing 
aluminum and gallium. Specifically, the second p-type 
clad layer 158 should desirably be constituted by a p- 
type Al b Ga 1-b N (0 <b<l). Preferably, the value of 
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"b- may be controlled to the range of 0 < b < 0.6, most 
preferably 0 < b < 0.4. When the range of »b" is 
controlled to 0.6 or less, an AlGaN crystal free from 
crack can be obtained thus improving the crystallinity 
thereof, hence the light-emitting output would be 
improved. The carrier concentration of this second p- 
type clad layer 158 should desirably be controlled 
within the range of 1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . if 
the carrier concentration is less than 1 x 10 17 /cm 3 , a 
positive hole injection efficiency of carrier into the 
active layer would be lowered, thus lowering the light- 
emitting output. On the other hand, if the carrier 
concentration is higher than 1 x 10 19 /cm 3 , the 
crystallinity of the AlGaN becomes deteriorated, thus 
possibly lowering the light-emitting output. The 
thickness of this second clad layer 138 may be formed 
in the range of 50 angstroms to 1.0 M m. With the 
employment of a nitride semiconductor layer having Al 
and Ga for the formations of the second p-type clad 
layer 158, the band offset thereof in relative to the 
active layer 156 and the first n-type clad layer 155 
can be enlarged, thus increasing the light-emitting 
efficiency. 

The features of the active layer 15 6 may be the 
same as those explained in the first, fifth and sixth 
embodiments . 

According to the seventh embodiment of the present 
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invention, a first p-type clad layer 157 formed of a p- 
type nitride semiconductor not containing aluminum may 
be interposed between the active layer 156 and the 
second p-type clad layer 158 as shown in FIG. 11. 
5 Specifically, this first p-type clad layer 157 should 

desirably be constituted by a p-type InyGa^yN (0 < y < 
1). Preferably, the value of -y may be within the 
range of 0 < y < 0.5, more preferably 0 < y < 0.3, most 
preferably 0 < y < 0 . 2 . As a material for this first 
10 p-type clad layer 157, GaN may also be employed without 

badly affecting the effect thereof as a buffer layer. 
The carrier concentration of this first p-type clad 
layer 157 should desirably be controlled within the 
range of 1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . The reason for 
15 limiting the carrier concentration is the same as 

explained with reference to the first p-type clad 
layer 137. 

It is desired that the thickness in total of the 
first n-type clad layer 155 and the active layer 156, 
or the thickness in total of the active layer 156, 
the first n-type clad layer 155 and the first p-type 
clad layer 157 should preferably be controlled to 
300 angstroms or more. The reason for limiting the 
total thickness in this way is the same as explained 
25 above, i.e. if the total thickness is 300 angstroms or 

more, any strain on the clad layer and the active layer 
may be alleviated thereby avoiding the formation of 
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crack in the clad layer and the active layer. 

According to the seventh embodiment of the present 
invention, a second n-type clad layer 154 formed of an 
n-type nitride semiconductor containing aluminum and 
5 gallium can- be disposed in contact with the first n- 

type clad layer 155. This second n-type clad layer 154 
should desirably be constituted by an n-type Al-Ga, n 
(0 <. a < 1). Preferably, the value of "a" may be 
controlled to the range of 0 * a < 0 . 6 , most preferably 
10 0 < a <. 0.4. Because if "a" is controlled to not more 

than 0.6, the possibility of generating a crack in the 
AlGaN itself would be inhibited. The carrier 
concentration of this second n-type clad layer 154 
should desirably be controlled within the range of 
15 5 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . If the carrier 

concentration is less than 5 x 10 17 /cm 3 , an injection 
efficiency of electron into the active layer 156 would 
be lowered, thus lowering the light-emitting output. 
On the other hand, if the carrier concentration is 
higher than 1 x 10 19 /cm 3 , the crystallinity of the 
AlGaN becomes deteriorated, thus possibly lowering the 
light-emitting output. The thickness of the second 
clad layer 154 may be in the range of 50 angstroms to 
1.0 n m. With the employment of a nitride semi- 
conductor layer having Al and Ga for the formations of 
the second n-type clad layer 154, the band offset 
thereof in relative to the active layer 156 and the 
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first n-type clad layer 155 can be enlarged, thus 
increasing the light-emitting efficiency. 

According to the seventh embodiment of the present 
invention, an n-type contact layer 153 formed of an n- 
5 type GaN may be disposed in contact with the first n- 

type clad layer 155 or with a second n-type clad layer 
154, and, at the same time or alternatively, a p-type 
contact layer 15 9 formed of a p-type GaN may be 
disposed in contact, with the second p-type clad layer 

10 158. The carrier concentration 'of this n-type contact 

layer 153 should desirably be controlled within the 
range of 5 x 10 17 /cm 3 to 5 x 10 19 /cm 3 . On the other 
hand, the carrier concentration of the p-type contact 
layer 159 should desirably be controlled within the 

15 range of 1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . The reason for 

selecting GaN as a material for the contact layers is 
the same as explained above, i.e. an excellent ohmic 
contact with an electrode material will be realized, 
and at the same time, in the case of the n-type contact 

20 layer 153, the crystallinity of nitride semiconductor 

to be grown thereon will be improved particularly. By 
the same reason as explained above, the carrier 
concentration of the n-type contact layer 153 should 
desirably be controlled within the range of 

25 5 x 10 17 /cm 3 to 5 x 10 19 /cm 3 , and the carrier 

concentration of the p-type contact layer 159 should 
desirably be controlled within the range of 



1 x 10 17 /cm 3 to 1 x 10 19 /cm 3 . 

According to the seventh embodiment of the present 
invention, it is also possible to dispose as a light- 
reflecting film a first multi-layered film 100 
consisting of at least two kinds of nitride semi- 
conductor layers, each differing in composition on the 
outer side of the first n-type clad layer 155, and/or a 
second multi-layered film 200 consisting of at least 
two kinds of nitride semiconductor layers, each 
differing in composition on the outer side of the 
second p-type clad layer 158. 

FIG. 12 schematically illustrates a sectional view 
of a light-emitting device provided with such a light- 
reflecting film, and FIG. 13 shows a perspective view 
of the light-emitting device shown in FIG . 12. These 
Figures illustrate a structure of a laser device 
wherein the reference numeral 100 represents a first 
multi-layered film, and 200, a second multi-layered 
film. The first multi-layered film 100 and the second 
multi-layered film 200 are each formed of nitride 
semiconductors differing in composition and in 
refractive index which are alternately superimposed 
under the condition, for example, of A/4n (a: 
wavelength; n: refractive index) thereby forming a two 
or more-ply structure so as to reflect the emission 
wavelength of the active layer 156. As seen in 
FIG. 12, the first multi-layered film 100 is interposed 
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between the second n-type clad layer 154 and the n-type 
contact layer 153, and the second multi-layered film 
200 is interposed between the second p-type clad layer 
158 and the p-type contact layer 159, so that if a 
5 laser oscillation is effected using for example a 

stripe electrode of 10 jx m or less as a positive 
electrode as shown in FIG . 13, the light emission from 
the active layer 156 can be confined through these 
multi-layered films in the. active layer to easily allow 
10 the generation of a laser oscillation. The conductivity 

type of these multi-layered films is determined by the 
doping of a donor impurity or an acceptor impurity* 
The first multi-layered film 100 is interposed between 
the second n-type clad layer 154 and the n-type contact 
15 layer 153 in the embodiment shown in FIG. 12. However, 

the first multi-layered film 100 may be formed within 
the n-type contact layer 153. It is also possible to 
form the second multi-layered film 200 within the p- 
type contact layer 159. Even if these multi-layered 
20 films are formed within these contact layers, the 

effect of confining the light emission of the active 
layer 156 is the same. It is also possible to omit 
either one of the first multi-layered film 100 and the 
second multi-layered film 200. If the first multi- 
25 layered film 100 is omitted for example, a light- 

reflecting film may be formed on the surface of the 
sapphire substrate 151 in place of the first 
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multi-layered film 100. 

If a laser device is to be prepared using an 
insulating material such as sapphire as a substrate as 
shown in FIG. 12, the resultant structure of laser 
device would be of a flip chip system, i.e. a system 
wherein both positive and negative electrodes are drawn 
out from the same side. In this case, the first multi- 
layered film 100 to be formed on the n-type layer side 
as shown in FIG. 12 should preferably be disposed on 
the p-type layer side of the horizontal plane of the 
contact layer 153 forming a negative electrode. 
Because if the first multi-layered film 100 is disposed 
on the substrate 151 side of the horizontal plane of 
the contact layer 153, a difference in refractive index 
15 between the second n-type clad layer 154 and the n-type 

contact layer 15 3 becomes too small, so that the light 
emission of the active layer 156 may be diffused into 
the n-type contact layer 153 disposed below the active 
layer 156, failing to confine the light. This is an 
effect peculiar to the nitride semiconductor laser 
using an insulating substrate such as sapphire. 

At least either one of two kinds of nitride 
semiconductors constituting the multi-layered film 
should preferably be formed of a nitride semiconductor 
containing indium and gallium {for example, In c Ga 1 _ c N 
(0 < c < 1)} or GaN. Because, a GaN layer or an 
In c Ga l-c N la yer functions as a buffer when 
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a multi- layered film is to be formed by laminating a 
plurality of single layers, so that the formation of 
crack in the other single layer can be effectively 
avoided. The effect mentioned above can be ascribed to 
the softness of crystal structure of these GaN and 
In c Ga 1-c N layers as compared with that of AlGaN layer. 
By contrast, if a multi-layered film having a total 
thickness of 0.5 ^ m or more is to be formed using a 
plurality of AlGaN layers, each having a different Al- 
content from one another, cracks may be inevitably 
introduced in the multi-layered film, making it very 
difficult to prepare an intended device. 

Most preferable examples of the combination of two 
kinds of nitride semiconductors constituting the multi- 
layered film are those wherein one of them is formed of 
GaN or In c Ga 1 _ c N, and the other is formed of a nitride 
semiconductor containing aluminum and/or gallium {for 
example, Al d Ga 1-d N (0 <. d < 1)}. Because, since the 
refractive index of In c Ga 1-c N much differs from that of 
A^Ga^dN, a multi-layered film having a large 
reflectance in conformity with the emission wavelength 
can be designed by making the most of these materials. 
Moreover, since the In c Ga 1 . c N functions as a buffer 
layer, the Al d Ga 1-d N layers to be formed will be free 
from cracks, so that a multi-layered film of more than 
10-ply structure can be realized. By the way, the 
refractive index of each of InN, GaN and A1N is 2.9, 
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2.5 and 2.15, respectively. Assuming that the 
refractive index of mixed crystal obeys Vegard ' s law, 
the refractive index of these mixed crystals can be 
calculated in proportion to the composition . 
5 A nitride semiconductor light-emitting device 

according to an eighth embodiment of the present 
invention comprises an active layer having a first main 
surface and a second main surface and consisting of a 
nitride semiconductor containing indium, and gallium. 

10 This eighth embodiment is featured in that a first n- 

type clad layer formed of an n-type nitride semi- 
conductor having a larger band gap than that of the 
active layer and containing indium and gallium is 
formed in contact with the first main surface of the 

15 active layer, and at the same time or alternatively, a 

first p-type clad layer formed of a p-type nitride 
semiconductor having a larger band gap than that of the 
active layer and containing indium and gallium {for 
example, a p-type In z Ga 1-2 N (0 <. z < 1)} is formed in 

20 contact with the second main surface of the active 

layer . Namely, this eighth embodiment is based on the 
findings that if a clad layer formed of InGaN having a 
larger band gap than that of an In x ^ a i-x N layer is 
disposed on either the first main surface or the second 

25 main surface of the In x ^ a l-x N active layer, the output 

of the resultant light-emitting device can be improved. 
FIG. 14 shows a cross-sectional view schematically 
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illustrating a "structure of a light-emitting device 
according to the eighth embodiment of the present 
invention. The light-emitting device shown in FIG. 14 
comprises a substrate 211 on which a buffer layer 212 
5 for alleviating a lattice mismatching between the 

substrate 211 and the nitride semiconductor layer, an 
n-type contact layer 213 for forming a negative 
electrode thereon, a second n-type clad layer 214, a 
first n-type clad layer 215, an active layer 216, a 
10 first p-type clad layer 217, a second p-type clad layer 

218 and a p-type contact layer 219 for forming a 
positive electrode thereon are superimposed in the 
mentioned order. 

The active layer 216 (In x Ga 1 _ x N) may be either n- 
15 type or p-type, but should preferably be a non-doped 

layer (impurities are not doped) in view of obtaining a 
laser device exhibiting a strong band-to-band emission 
and having a narrow half band width of emission 
wavelength. Further, the active layer 216 may be doped 
20 with an n-type dopant and/or a p-type dopant. If the 

active layer 216 is doped with an n-type dopant, it is 
possible to further increase the band-to-band light- 
emitting intensity as compared with the non-doped 
active layer. It is possible, through the doping with 
25 a p-type dopant, to shift a peak wavelength toward the 

lower energy side by a magnitude of about 0.5 eV from 
the peak wavelength of the band-to-band emission. If 
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the doping is performed using both n-type dopant and p- 
type dopant on the active layer, the light-emitting 
intensity of the active layer will be further 
intensified as compared with an active layer doped only 
5 with an acceptor impurity. If the active layer is to 

be doped with a p-type dopant, the conductivity type of 
the active layer should preferably be turned into n- 
type by doping it with an n-type dopant such as Si 
together with the doping of the p-type dopant. In 

10 order to obtain a laser device through the growth of 

active layer of excellent crystallinity , the employment 
of a non-doped material for the active layer is most 
desirable , as mentioned earlier. The active layer 
should preferably be of a multi-quantum well or single- 

15 quantum well structure. In such a case, the thickness 

of the well layer and the thickness of the barrier 
layer are as described with reference to the first 
embodiment . 

The provision of either the first n-type clad 
20 layer 215 (an n-type InyGa 1-y N) alone or the first p- 

type clad layer 217 (a p-type In^a-^N) alone may be 
sufficient, but most preferably, both of the clad 
layers 215 and 217 should be formed as shown in 
FIG. 14. Since the crystals of the first n-type clad 
25 layer 215 and the first p-type clad layer 217, both 

containing indium, are soft, these clad layers function 
as a buffer layer just like a cushion, so that the 
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generation of cracks in any of the second n-type clad 
layer 214, the second p-type clad layer 218 , the n-type 
contact layer 213 and the p-type contact layer 219 to 
be subsequently formed as explained hereinafter can be 
5 prevented. A preferable range of the thickness of the 

InGaN as a buffer layer is 300 angstroms or more in 
total thickness in the combination of the active layer 
216 and the first n-type clad layer 215; the active - 
layer 216 and the first p-type clad layer 2.17;.. or. the 

10 active layer 216, the first n-type clad layer 215 and 

the first p-type clad layer 217, In the structure of a 
light-emitting device, the first n-type clad layer 215 
may be omitted, allowing the second n-type clad layer 
214 to function, taking the place of the first n-type 

15 clad layer 215, or the first p-type clad layer 217 may 

be omitted, allowing the second p-type clad layer 218 
to function, taking the place of the first p-type clad 
layer 217 as described hereinafter. 

In the above description, the first n-type clad 

20 layer 215, the active layer 216 and the first p-type 

clad layer 217, all consisting of InGaN have been 
explained. It is desirable in these layers to control 
the ratio of In in these InGaN, i.e., "x" , "y" and "z" 
values to 0.5 or less, preferably 0.3 or less, most 

25 preferably 0.2 or less. Because, as the molar ratio of 

indium is increased, the crystallinity of these InGaN 
tends to become more deteriorated, thus possibly 



lowering the light-emitting output. It should be 
understood that the formulas of In x Ga 1 . x N / In y Ga x _ y N 
and In 2 Ga 1-2 N also include those wherein a minor 
portion of Ga in these compositions is substituted by 
Al, i.e., InAlGaN as far as this substitution does not 
substantially diminish the effect of these InGaN 
composition. For example, if the value of b' in the 
formula of In a ,Al b ,Ga 1 _ a , _ b ,N is not more than 0.1, the 
original effects of the .first n-type clad layer, the 
active layer and the second p-type clad layer would not 
be altered. However, since the inclusion of Al would 
cause a hardening of the resultant crystal, it is 
preferred, in order to maximize the emission output, to 
constitute the first n-type clad layer 215, the active 
layer 216 and the first p-type clad layer 217 by 
employing only the ternary mixed crystal of InGaN 
containing no aluminum rather than employing the 
quaternary mixed crystal of nitride semiconductor. 

The provision of either the second n-type clad 
layer 214 formed of an n-type nitride semiconductor 
containing aluminum and gallium {for example, an n-type 
Al a Ga l-a N (° — a K 1 )> alone or the second p-type clad 
layer 218 formed of a p-type nitride semiconductor 
containing aluminum and gallium {for example, a p-type 
Al b Ga l-b N (° — b < 1 ) alone may be sufficient, but 
desirably the second n-type clad layer 214 should be 
disposed in contact with the first n-type clad layer 
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215, and at the same time the second p-type clad layer 
218 should be disposed in contact with the first p-type 
clad layer 217 as shown in FIG. 14. The thickness of 
each of the second n-type clad layer 214 and the second 
5 p-type clad- layer 218 should preferably be in the range 

of 50 angstroms to 0.5 ^ m. The ratio of Al in the 
AlGaN composition, i.e. the value of "a" or "b" should 
preferably be 0.6 or less, more preferably 0 . 4 or less. 
Because, since the crystal of AlGaN is hard, a crack 
10 may be generated if the value of "a" or "fa" exceeds 0.6. 

This is also true even if a buffer layer consisting of 
InGaN is disposed, i.e., cracks may more likely be 
generated if the value of "a" or "b" exceeds 0.6. 
It should be understood that the formulas of 
15 A1 a Ga l-a N and Al b Ga l-b N also include those wherein a 

minor portion of Ga in these compositions is substituted 
by In, i.e. InAlGaN as far as this substitution does 
not substantially diminish the effect of these AlGaN 
composition. For example, if the value of a' in the 
20 formula of In a , Al b , Ga 1-a , _ b , N is not more than 0.1, the 

original effects of the AlGaN would not be altered. 
However, since the inclusion of In, even if in a small 
amount, would cause a decrease of band gap, measures 
have to be taken to make the band gap thereof higher 
25 than those of the first n-type clad layer 215, the 

active layer 216 and the second p-type clad layer 218. 
Further, since the inclusion of In may cause the 
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deterioration in crystallinity of the resultant crystal 
and hence the lowering of emission output, it is most 
preferred to employ only the ternary mixed crystal of 
AlGaN containing no indium rather than employing the 
quaternary mixed crystal of nitride semiconductor for 
the formations of the second n-type clad layer 214 and 
the second p-type clad layer 218 thereby increasing the 
emission output. With the employment of a layer 
containing aluminum for formation of the second n-type 
clad layer 214 and the second p-type clad layer 218, it 
is possible to enlarge the band gap thereof in relative 
. to the first n-type clad layer 215, the active layer 
216 and the first p-type clad layer 21.7. 

Preferred combinations of the active layer and the 
15 first clad layers are those wherein the first n-type 

clad layer is formed of InyGa-^yN, the active layer is 
formed of I^Ga^N, and the first p-type clad layer is 
formed of In 2 Ga 1 _ 2 N. It should be noted that the 
relationships y < x and z < x must be satisfied from 
20 the view point of the band gap relationship. Preferably, 

the active layer is of a multi-quantum well or single- 
quantum well structure and may be n-type or non-doped. 
The active layer of such a quantum well structure 
allows light of narrow half band width to emit based on 
25 the band-to-band emission. 

The most preferred combinations of the active 
layer and the first clad layers are those wherein the 



- 69 - 



10 



first n-type clad layer is formed of InyGa^yN; the 
active layer, formed of In x Ga 1-x N; the first p-type 
clad layer, formed of In 2 Ga 1-2 N; the active layer, 
formed of AlbGaj^N. With these combinations, it is 
possible to form a double-heterostructure of nitride 
semiconductor layers having an excellent crystallinity, 
thus making it possible to greatly improving the 
emission output. 

The n-type contact layer 213 should preferably be 
disposed in contact with the second n-type clad layer 

214, and at the same time the p-type contact layer 219 
should be disposed in contact with the second p-type 
clad layer 218 as shown in FIG. 14. It is also 
possible to form the n-type contact layer 213 in 

15 contact with either the second n-type clad layer 214 or 

the first n-type clad layer 215, and likewise to form 
the p-type contact layer 219 in contact with either the 
second p-type clad layer 218 or the first p-type clad 
layer 214. In other words, if the second n-type clad 

20 layer 214 is omitted, the n-type contact layer 213 may 

be disposed in contact with the first n-type clad layer 

215, and likewise, if the second p-type clad layer 218 
is omitted, the p-type contact layer 219 may be 
disposed in contact with the first p-type clad layer 

25 217. It may be also possible in a case to omit both of 

the first n-type clad layer 215 and the second n-type 
clad layer 214, thus rendering the n-type contact layer 
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213 to function as a clad layer, and likewise to omit 
both of the first p-type clad layer 217 and the second 
p-type clad layer 218, thus rendering the p-type 
contact layer 219 to function as a clad layer. However, 
5 if these clad layers are omitted, the emission output 

will be greatly diminished as compared with the case 
where these clad layers are not omitted. Therefore, 
the structure of light-emitting device shown in FIG. 14 
is one of the most preferable structures in the present 

10 invention. 

The n-type contact layer 213 and the p-type 
contact layer 219 are most preferably constituted by 
GaN as a nitride semiconductor not containing Al and 
In. Since these contact layers are adapted to be used 

15 for forming electrodes thereon, if these contact layers 

are formed of a layer excellent in crystallinity and 
high in carrier concentration, an excellent ohmic 
contact with an electrode material will be realized. 
Therefore, the employment of GaN is most preferable, 

20 Preferable examples of electrode material which are 

capable of forming an excellent ohmic contact with the 
n-type contact layer 213 are metallic materials 
containing both Ti and Al . Preferable examples of 
electrode material which are capable of forming an 

25 excellent ohmic contact with the p-type contact layer 

219 are metallic materials containing both Ni and Au. 
When a contact layer made of GaN is employed as 
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an electrode-bearing layer, a light-emitting device 
having a lowered Vf value and an improved light- 
emitting efficiency can be realized. 

FIG. 15 schematically shows a cross-section of a 
5 structure of a light-emitting device according to 

another example of the present invention. A 
perspective view of this light-emitting device is the 
same as that shown in FIG. 13. The light-emitting 
device shown in this FIG . 15 illustrates an example 
10 wherein the same multi-layered films 100 and 200 as 

explained in detail with reference to FIG. 12 are 
employed . 

A nitride semiconductor light-emitting device 
according to a ninth embodiment of the present 

15 invention is provided with a first n-type clad layer 

formed of an n-type nitride semiconductor having a 
smaller thermal expansion coefficient than that of an 
active layer, a first p-type clad layer formed of a p- 
type nitride semiconductor having a smaller thermal 

20 expansion coefficient than that of the active layer, 

and the active layer formed of a nitride semiconductor 
containing at least indium and provided between the 
first n-type clad layer and the first p-type clad 
layer. The active layer is fabricated into a single- 

25 quantum well structure or a multi-quantum well 

structure explained earlier, so that light of lower 
energy than the inherent band gap energy of the 



- 72 - 

composition of the active layer per se can be obtained. 
Namely, the active layer is fabricated into a single- 
quantum well structure or a multi-quantum well 
structure, and a tensile stress in the direction 
5 parallel to - the interface planes between the active 

layer and the clad layers is caused to generate, 
thereby making it possible to emit light of lower 
energy as compared with the inherent band gap energy of 
the composition of the active layer per se. 

10 Namely, the device according to the ninth 

embodiment of the present invention is featured in that 
an active layer having a higher thermal expansion 
coefficient than those of the first n-type clad layer 
and the first p-type clad layer is formed so as to 

15 generate a tensile stress in the direction parallel to 

the interface planes between the active layer and both 
of the clad layers. In order to elastically apply the 
tensile stress to the active layer, the active layer is 
formed into a single-quantum well structure or a multi- 

20 quantum well structure thereby to make the band gap 

energy of the active layer small and to shift the 
emission wavelength of the active layer toward the 
longer side. Moreover, the thickness of the well layer 
and barrier layer of the active layer is made as thin 

25 as the critical level thereof, thus making it possible 

to grow an InGaN layer of excellent crystallinity 
regardless of a relatively large ratio of In. 
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The inherent band gap energy, Eg, of In a Ga 1-a N can 
be calculated from the equation: 

Eg = Egl x a + Eg2 x(l-a)-ax(l-a) 
where Egl is the band gap energy of InN (1.96 eV) , and 
5 Eg2 is the band gap energy of GaN (3.40 eV) . The 

inherent emission wavelength of l n a ^ a l-a N ^ s calculated 
as 1,240/Eg. 

The single-quantum well structure and multi- 
quantum well structure are as explained above. To 
10 reiterate, an active layer of the single-quantum well 

structure is a single well layer. An active layer of 
the multi-quantum well structure is a laminate of a 
plurality of swell layer and a plurality of barrier 
layers, wherein the well layer and the barrier layer 
15 are alternately stacked, with the well layers 

constituting the two outermost layer of the laminate. 

FIG. 16 shows a cross-sectional view schematically 
illustrating a structure of a light-emitting device 
according to the ninth embodiment of the present 
20 invention. The light-emitting device shown in FIG. 16 

comprises a substrate 311 on which a buffer layer 312, 
an n-type contact layer 313, a second n-type clad layer 
314, a first n-type clad layer 315, an active layer 
316, a first p-type clad layer 317, a second p-type 
25 clad layer 318 and a p-type contact layer 319 are 

superimposed in the mentioned order. 

According to this ninth embodiment, the active 
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layer 316 is formed of a nitride semiconductor 
containing In and formed into a single-quantum well 
structure or a multi-quantum well structure. Since the 
active layer 316 containing In is relatively soft and 
5 higher in thermal expansion coefficient as compared 

with the other nitride semiconductor such as AlGaN or 
GaN, it is possible to alter the emission wavelength by 
thinning the thickness of the well layer, for example, 
of a single-quantum well structure. The active layer 

10 316 of the quantum well structure may be n-type or p- 

type. But in view of narrowing the half band width of 
emission wavelength through a band-to-band emission so 
as to obtain a light emission excellent in color 
purity, the active layer 316 should preferably be 

15 formed of a non-doped layer (impurities are not doped). 

If the well layer of the active layer 316 is formed of 
In z Ga 1 _ z N (0 < z < 1), it is possible to realize a 
light emission having a wavelength ranging from 
ultraviolet to red through a band-to-band emission, and 

20 at the same time to form an active layer having a large 

difference in thermal expansion coefficient relative to 
the clad layers. On the other hand, in the case of a 
multi-quantum well structure, the barrier layer may not 
be InGaN, but may be GaN . 

25 The composition of the first n-type clad layer 315 

may be suitably selected as long as it has a larger 
band gap energy and a smaller thermal expansion 
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coefficient as compared with the active layer 316, but 
most preferable composition thereof is an n-type 
In x Ga 1-x N ( 0 <. x < 1). Since the first n-type clad 
layer 315 formed of InGaN or GaN is soft in crystal as 
5 compared with a nitride semiconductor containing Al, 

the first n-type clad layer 315 formed of such a 
composition functions as a buffer layer. Namely, since 
this first n-type clad layer 315 functions as a buffer 
layer, no crack will be introduced into the active 

10 layer 316 even if the active layer 316 is formed into 

the quantum well structure. Moreover, this first n- 
type clad layer 315 functions to prevent the second n- 
type clad layer 314 and the second p-type clad layer 
318, each being disposed on the outer side of the first 

15 clad layers 315 and 316 respectively, from being 

cracked . 

The composition of the first p-type clad layer 317 
may be suitably selected as long as it has a larger 
band gap energy and a smaller thermal expansion 

20 coefficient as compared with the active layer 316, but 

most preferable composition thereof would be a p-type 
AlyGa^yN (0 <. y < 1). When a nitride semiconductor 
containing Al such as a p-type AlGaN is selected to 
form a clad layer in contact with an active layer of 

25 the multi-quantum well structure or single-quantum well 

structure, the light-emitting output of the resultant 
device will be improved. 
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Either one of the first n-type clad layer 315 and 
the first p-type clad layer 317 may be omitted. If the 
first n-type clad layer 315 is omitted, the second n- 
type clad layer 314 takes the place of the first n-type 
5 clad layer 315, and if the first p-type clad layer 317 

is omitted, the second p-type clad layer 318 takes the 
place of the first p-type clad layer 317, It is 
preferable however that the first n-type clad layer 315 
consisting of an n-type InGaN or an n-type GaN is 

XO disposed in contact with the active layer. 

According to the ninth embodiment of the present 
invention, a second n-type clad layer 314 formed of an 
n-type nitride semiconductor can be disposed in contact 
with the first n-type clad layer 315. This second n- 

15 type clad layer 314 should desirably be constituted by 

an n-type Al a Ga 1-a N ( 0 <. a <. 1 ) . However, if the first 
n-type clad layer 315 is formed of InGaN, the second n- 
type clad layer 314 may be formed of GaN or AlGaN. 
Since a nitride semiconductor containing Al is small in 

20 thermal expansion coefficient and hard in crystal, when 

it is formed as the second n-type clad layer 314 in 
contact with the first n-type clad layer 315, additional 
tensile stress will be effected on the active layer so 
that the emission wavelength of the active layer can be 

25 shifted toward the longer side. However, if the second 

n-type clad layer 314 containing Al is to be formed in 
contact with one main surface of the active layer 316, 
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the opposite main surface of the active layer 316 
should preferably be formed in advance with the first 
p-type clad layer 317 formed of InGaN or GaN acting as 
a buffer layer. 

The thickness of the second n-type clad layer 314 
(Al a Ga 1-a N ( 0 <. a < 1)) should preferably be in the 
range of 50 angstroms to 1 ^ m. If the thickness of 
the second n-type clad layer 314 is controlled within 
this range, a tensile stress of preferable level will 
be acted on the active layer. The value of "a" should 
preferably be 0.6 or less, more preferably 0.4 or less. 
Because, since the crystal of AlGaN will be still too 
hard even if the possibility of crack being formed in 
the second n-type clad layer 314 is somewhat minimized 
by the presence of the first n-type clad layer 315, so 
that a crack may be generated in the AlGaN layer if the 
value of "a" exceeds over 0.6. Generally, the higher 
the ratio of Al in the AlGaN layer, the longer the 
emission wavelength of the active layer. 

According to this embodiment, a second p-type clad 
layer 318 formed of a p-type nitride semiconductor can 
be disposed in contact with the first p-type clad layer 
317. This second p-type clad layer 318 should 
desirably be constituted by an n-type Al^Ga^.^N (0 <. 
b <. 1). However, if the first p-type clad layer 315 is 
formed of AlGaN, the second p-type clad layer 318 may 
be GaN acting as a contact layer. However, if the 
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second p-type clad layer 318 containing Al is to be 
formed in contact with one main surface of the active 
layer 316, the opposite main surface (n-layer side) of 
the active layer 316 should preferably be formed in 
g advance with the first n-type clad layer 315 formed of 

InGaN or GaN acting as a buffer layer. 

The effects to be derived from this second p-type 
clad layer 318 (Al b Ga 1-b N ( 0 <. b <. 1 ) ) are the same as 
those of the second n-type clad layer 314, so that the 

10 thickness of the second p-type clad layer 318 should 

preferably be in the range of 50 angstroms to 1 ^ m. 
The value of "b" should preferably be 0.6 or less, more . 
preferably 0.4 or less. Generally, the higher the 
ratio of Al in the AlGaN layer, the longer the emission 

15 wavelength of the active layer. 

With the employment of a nitride semiconductor 
layer containing Al or a GaN layer for the second n- 
type clad layer 314 or for the second p-type clad layer 
318, a band gap relative to the active layer 316, the 

20 first n-type or p-type clad layers 315 or 317, each 

containing In, can be increased, hence to improve the 
emission efficiency. Moreover, it is also possible to 
increase the difference in thermal expansion coefficient 
relative to the active layer 316 so as to shift the 

25 emission wavelength of the active layer to a longer 

wavelength side. 

Nest, examples of preferred combination of the 



active layer and the clad layer will be explained. 
First, examples of preferred combination of the active 
layer 316 and the first clad layers 315 and 317 are 
those wherein the first n-type clad layer is formed of 
In x Ga l-x N (° — x K the active layer, formed of 

a quantum well structure having a composition of 
In z Ga 1-2 N (0 < z < 1); and the first p-type clad layer, 
formed of InyGa 1-y N (0 < y < 1). In these combinations 
it is of course required -in view of band gap energy to 
meet the condition of x < z . 

When the active layer 316 is of a single-quantum 
well structure, the thickness of the well layer should 
preferably be 100 angstroms or less, while the active 
layer 316 is of a multi-quantum well structure, the 
thickness of the well layer should preferably be 
100 angstroms or less and the thickness of the barrier 
layer should preferably be 150 angstroms or less so as 
to obtain a light emission having a narrow half band 
width through a band-to-band emission in an n-type or 
non-doped state. 

Most preferable examples of combination are those 
wherein the second n-type clad layer 314 is formed of 
A1 a Ga l-a N (° i a <. 1); the first n-type clad layer 315, 
formed of In x Ga 1-x N ( 0 <. x < 1); the active layer 316, 
formed of a quantum well structure having a composition 
of In z Ga 1 _ z N (0 < z < 1); the first p-type clad layer 
317, formed of InyGa^yN (0 <. y < 1) and the second 
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p-type clad layer 318 is formed of Al^Ga^^N ( 0 <. b <, 
1). In this combination, either one of the first n- 
type clad layer 315 and the first p-type clad layer 
317, or both, may be omitted. When these first clad 
5 layers are omitted, the second n-type clad layer 314 or 

the second p-type clad layer 318 takes the place of 
these first clad layers to function as a clad layer. 
If it is difficult in this combination of only the 
first clad layers 315, 317 and the active layer 316 to 

10 apply a sufficient tensile stress to the active layer, 

a second clad layers containing Al may be disposed on 
the outer side of the first clad layers 315 and 317 so 
as to increase a difference in thermal expansion 
coefficient between the second clad layers 314, 318 and 

15 the active layer 316. Therefore, by fabricating the 

active layer into a multi-quantum well structure 
comprising thin well layers and thin barrier layers, or 
into a single-quantum well structure comprising only of 
a single thin well layer, it is possible, through a 

20 tensile stress at the interface, to minimize the band 

gap of the active layer thereby to shift the emission 
wavelength to a longer wavelength side. 

Still another preferred embodiment of the present 
invention is controlling the total thickness of the 

25 first n-type clad layer and the active layer to 

300 angstroms or more in a device structure where an n- 
type nitride semiconductor containing indium or 
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an n-type GaN is employed as the first n-type clad 
layer 315. Because, when the total thickness of these 
layers is 300 angstroms or more, it is possible to 
enable the GaN or InGaN layer to function as a buffer 
5 layer, thus allowing the active layer to be formed into 

a quantum well structure and preventing the first p- 
type clad layer 317 and the second p-type clad layer 
318 from being cracked. 

It should be understood that; the formulas of 

10 In x Ga l-x N/ In y Ga i-y N and In z Ga l-z N also include those 

wherein a minor portion of Ga or In in these 
compositions is substituted by Al, i.e., InAlGaN as far 
as this substitution does not substantially diminish 
the effect of these InGaN composition. Likewise, the 

15 formulas of Al a Ga 1-a N, and Al b Ga 1-b N should be 

considered to include those wherein a minor portion of 
Ga or Al in these compositions is substituted by In, 
i.e. InAlGaN as far as this substitution does not 
substantially diminish the effect of these AlGaN 

20 composition. 

Further, the active layer 316 may be doped with a 
donor impurity and/or an acceptor impurity. If the 
active layer 316 can be doped with an impurity without 
affecting the crystallinity of the active layer, it is 

25 possible to further increase the band-to-band emission 

intensity as compared with the non-doped active layer. 
It is possible, through the doping with an acceptor 
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impurity, to shift a peak wavelength toward the lower 
energy side by a magnitude of about 0.5 eV from the 
peak wavelength of the band-to-band emission though the 
half band width thereof may become wide. If the doping 
5 is performed using both an acceptor impurity and a 

donor impurity on the active layer, the light-emitting 
intensity of the active layer will be further 
intensified as compared with an active layer doped only 
with an acceptor impurity. If the active layer is to 
10 b © doped with an acceptor impurity in particular, the 

conductivity type of the active layer should preferably 
be turned into n-type by doping it with a donor 
impurity such as Si together with the doping of the 
acceptor impurity. However, since the active layer 
15 should ideally be emitting a strong light through a 

band-to-band emission according to the present 
invention, the employment of a non-doped InGaN as 
material for the active layer is most desirable. 
Speaking in other way, if an active layer is doped with 
20 an impurity, the crystallinity of the resultant layer 

is more likely to be deteriorated as compared with a 
non-doped active layer. Moreover, a light-emitting 
device where a non-doped InGaN is employed as an active 
layer is advantageous in lowering Vf value as compared 
25 with a light-emitting device doped with an impurity. 

The active layer in the multi-quantum well 
structure of the present invention is formed of 
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a combination for example of InGaN/GaN or InGaN/InGaN 
(differs in composition), thus forming a thin film- 
laminated structure comprising a well layer/barrier 
combination. When the active layer is fabricated into 
5 a multi-quantum well structure, the emission output 

thereof will be improved as compared with that of the 
single-quantum well structure. In the case of an LED 
or LD device formed of a multi-quantum structure, the 
thickness of the well layer should be controlled to 
10 several angstroms to several tens angstroms, the 

thickness of the barrier layer should be also 
controlled to several angstroms to several tens 

r 

angstroms. These thin layers are then alternately 
laminated to form a multi-quantum well structure. 

15 Preferable thickness of the well layer is 100 angstroms 

or less, more preferably 7 0 angstroms or less. The 
preferable range of the thickness of the layer 
mentioned above can be also applicable to the active 
layer of a single-quantum well structure. On the other 

20 hand, a preferable range of the barrier layer is 

150 angstroms or less, more preferably 100 angstroms or 
less. In the manufacture of a multi-quantum well 
structure, the well layer as well as the barrier layer 
may be doped with a donor impurity or an acceptor 

25 impurity. When a plurality of thin layers are 

laminated in this way, any distortion in the crystal 
can be elastically absorbed by the active layer. 
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As shown in FIG . 16, an n-type contact layer 313 
formed of an n-type GaN for bearing an electrode 
thereon should preferably be disposed in contact with 
the first n-type clad layer 315 or the second n-type 
5 clad layer 314. Likewise, a p-type contact layer 319 

formed of a p-type GaN for bearing an electrode thereon 
should preferably be disposed in contact with the first 
p-type clad layer 317 or the second p-type clad layer 
318. However, these contact layers 313 and 319 may be 

10 omitted, provided the second n-type clad layer 314 and 

the second p-type clad layer 318 are formed of GaN, 
i.e. each of the second clad layers 314 and 318 
functions as a contact layer in such a case. The 
reason for forming these contact layers 313 and 319 is 

15 that it is difficult to obtain a satisfactory ohmic 

contact with an electrode with the employment of a 
mixed crystal consisting of ternary or higher mixture 
of devices such as the first clad layer or the second 
clad layer. Therefore, by employing GaN which is most 

20 suited for realizing an excellent ohmic contact as a 

material for a contact layer, an excellent ohmic 
contact with an electrode can be achieved, thus 
obtaining a light-emitting device of low Vf and 
excellent emission efficiency. 

25 FIG. 17 illustrates a relationship between the 

thickness of the active layer of a single-quantum well 
structure, i.e., the well layer, and the emission peak 
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wavelength of a light-emitting device. The solid line 
indicated by " a" in FIG . 17 represents the result of a 
light-emitting device where the active layer thereof is 
represented by a non-doped In Q s o 5 Ga 0 _ 95 N, while the 
dotted line indicated by " 0" represents the result of a 
light-emitting device where the active layer thereof is 
represented by. a non-doped Ing^GaQ^N. The structure 
of both light-emitting devices is formed of a double- 
heterostructure comprising a second clad layer, a first 
n-type clad layer, an active layer, a first p-type clad 
layer and a second p-type clad layer laminated in the 
mentioned order. In both devices, the second n-type 
clad layer is formed of a Si-doped n-type AlQ^Gag^N 
having a thickness of 0.1 p m, the first n-type clad 
15 layer is formed of a In Q t 01 Ga Q ^ gg N having a thickness 

of 500 angstroms, the first p-type clad layer is formed 
of a Mg-doped p-type Al 0t01 Ga 0i99 N having a thickness 
of 20 angstroms, and the second p-type clad layer is 
formed of a Mg-doped p-type Al 0 ^ 3 Ga 0i7 N having a 
20 thickness of 0.1 ft m. FIG. 17 illustrates that the 

emission wavelength changes with a change in thickness 
of the active layer. 

The active layer formed of m 0 .05 Ga 0.95 N indicated 
by "a" gives an ultraviolet emission in the vicinity of 
25 380 nm according to its inherent band gap energy, but 

can be changed to give a bluish purple emission by 
thinning the thickness so as to shift the wavelength to 
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approximately 420 nm. On the other hand, the active 
layer formed of Ing jGag^N indicated by n 0" gives a 
bluish green emission in the vicinity of 480 nm 
according to its inherent band gap energy, but can be 
5 changed to give a pure green emission of approximately ' 

520 nm by thinning the thickness. As explained above, 
it is possible to shift the emission wavelength to a 
longer wavelength side by thinning the active layer 
interposed between the first n-type clad layer and the 

10 first p-type clad layer. Namely, in the ordinary 

active layer of large thickness, an emission corre- 
sponding to the inherent band gap energy of the active 
layer could be obtained. However, in the active layer 
formed of a single-quantum well structure according to 

15 the present invention, it is possible to minimize the 

band gap energy through the thinning in thickness of 
the well layer, so that light of lower energy or light 
of longer wavelength as compared with that to be 
obtained through the inherent band gap energy of the 

20 well layer can be obtained. Moreover, since it is of a 

non-doped layer, a layer of more excellent crystallinity 
than that of the doped layer can be obtained, giving a 
higher output. As a result, an emission excellent in 
color purity with a narrowed half band width can be 

25 obtained through a band-to-band emission. 

When the conventional thick In z Ga^_ 2 N is employed 
for the active layer, the resultant active layer would 



be poor in crystallinity . For example, if the ratio of 
In, i.e., "z", is 0.3 to 0.5, the resultant crystal 
would become poor, exhibiting very low emission output. 
However, when the active layer is made thinner, a 
crystal of excellent crystallinity can be obtained even' 
if the ratio of In is relatively high. 

Thus, the thickness of the well layer should 
preferably be controlled to 100 angstroms or less, more 
preferably 70 angstroms or less. FIG. 17 shows the 
features of one example of a light-emitting device 
according to the present invention, indicating that the 
range of wavelength that can be shifted to the longer 
wavelength of emission also differs depending on the 
compositions of the second clad layer and the first 
clad layer giving a tensile stress to the active layer. 
Also, the range of preferable thickness of the active 
layer somewhat changes depending on the compositions of 

these layers. 

It is known that the thermal expansion coefficient 
of A1N is 4.2 x 10" 6 /K, and the thermal expansion 
coefficient of GaN is 5.59 x 10" 6 /K. The thermal 
expansion coefficient of InN is not clear, since the 
complete form of crystal thereof is not yet obtained. 
However, assuming that the thermal expansion 
coefficient of InN is the highest among these nitride 
semiconductors, the order in magnitude of thermal 
expansion coefficient would become as follows: 
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InN > GaN > AlN. With respect to the growth 
temperature of these nitride semiconductors, the growth 
temperature may be 5 0CTC or more in general in the case 
of the MBE method, and 9 or more sometimes in the 
5 case of the MOVPE method. For example, according to 

the MOVPE method, InGaN can be grown at a temperature 
of 7 00°C or more, and AlGaN can be grown at a 
temperature of 900°C. Therefore, when a pair of clad 
layers having a smaller thermal expansion coefficient 

10 than that of an active layer are formed at a high 

temperature while sandwiching therebetween the active 
layer having a comparatively large thermal expansion 
coefficient and then the temperature is lowered down to 
room temperature, the active layer having a com- 

15 paratively large thermal expansion coefficient is 

pulled by the clad layers, hence a tensile stress in 
the direction parallel to the interface between the 
active layer and the clad layers is effected on the 
active layer. Because of this, the band gap energy of 

20 the active layer is minimized, causing an elongation of 

the emission wavelength. The thermal expansion 
coefficient of the active layer formed of In Q . 05 Ga 0 . 95 N 
or In Q 3Ga Q 7 N is larger than that of the first and the 
second clad layers, because of the larger ratio of In 

25 as compared with the ratio of In in the compositions of 

these clad layers. Therefore, a tensile stress 
parallel to the interface between the active layer and 
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the clad layers is caused to generate, thus making 
small the band gap energy of the active layer, hence 
the emission wavelength is shifted to a longer 
wavelength side as compared with that of the ordinary 
5 band-to-band emission. Since this tensile stress can 

be increased as the thickness of the active layer 
becomes thinner, it is possible to obtain a longer 
wavelength as compared with the ordinary emission 
wavelength . 

10 A preferable example of the light-emitting device 

according to the ninth embodiment of the present 
invention comprises a first n-type clad layer formed of 
an n-type nitride semiconductor containing indium or an 
n-type GaN, and an active layer formed in contact with 

15 the first n-type clad layer and made of a nitride 

semiconductor containing at least indium and having a 
larger thermal expansion coefficient than that of the 
first n-type clad layer, wherein the active layer is 
fabricated into a single-quantum well structure or a 

20 multi-quantum well structure so as to obtain a light of 

lower energy as compared with the inherent band gap 
energy of the active layer. It is also preferred in 
this light-emitting device to control the total 
thickness of the first n-type clad layer and the active 

25 layer to 300 angstroms or more. As another preferable 

example of the light-emitting device according to the 
ninth embodiment, the light-emitting device is provided 
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with an active layer fabricated into a single-quantum 
well structure or a multi -quantum well structure by the 
employment of a nitride semiconductor containing 
indium, and with a first p-type clad layer formed of a 
5 P~tYP e nitride semiconductor containing aluminum and 

having a larger thermal expansion coefficient than that 
of the active layer, so as to obtain a light of lower 
energy as compared with the inherent band gap energy of 
the active layer. 

10 According to the ninth embodiment of the present 

invention, additional first n-type clad layer 315 is 
formed in contact with the active layer 316 containing 
In and Ga . This first n-type clad layer 315 functions 
as a buffer layer between the active layer and the 

15 second n-type clad layer 314 containing Al . Namely, 

since GaN or the nitride semiconductor containing In 
constituting the first n-type clad layer 315 is 
inherently soft in crystal, any distortion to be 
generated due to the mismatching of lattice constants 

20 or due to a difference in thermal expansion coefficient 

between the second n-type clad layer 314 and the active 
layer 316 can be absorbed by the first n-type clad 
layer 315. Due to this reason, the possibility of 
generating a crack in the active layer 316 and the 

25 second n-type clad layer 314 is assumed to be minimized 

even if the active layer is made thinner. Since the 
distortion is absorbed by the first n-type clad layer 
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315 as mentioned above, the active layer can be 
elastically deformed by a tensile stress when the 
thickness of the active layer is 200 angstroms or less, 
thereby decreasing the band gap energy and possibly 
5 enlarging the emission wavelength. Moreover, the 

crystal defect in the active layer can be diminished. 
Therefore, it is possible improve the crystallinity of 
the active layer even if the active layer is made 
thinner, thus increasing the emission output. In order 

10 to allow the first n-type clad layer 315 to function as 

a buffer layer, the total thickness of the active layer 
315 having a soft crystal structure and the first n- 
type clad layer 315 should preferably be controlled to 
300 angstroms or more. 

15 If the first p-type clad layer is formed of a 

nitride semiconductor containing Al, the emission 
output would be improved, due assumably to the fact 
that AlGaN can be more easily turned into p-type as 
compared with other nitride semiconductors, or the 

20 decomposition of the active layer formed of InGaN is 

inhibited by the AlGaN as during the step of growing 
the first p-type clad layer. However, the precise 
reason on this is not yet clear. 

The manufacture of a light-emitting device 

25 comprising a nitride semiconductor can be performed 
using for example MOVPE (Metal Organic Vapor Phase 
Epitaxy), MBE (Molecular Beam Epitaxy) or HDVPE 



# • 
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(Hydride Vapor Phase Epitaxy) method. For example, a 
light-emitting device can be fabricated by laminating 
In a A1 b Ga l-a-b N (° - a '* 0 <. b ? a + b <. 1 ) of n-type or 
P-type on a substrate so as to obtain a double- 
5 heterostructure . As for the material for the 

substrate, sapphire (including the C-plane, R-plane and 
A-plane thereof), SiC (including 6H-SiC and 4H-S1C), 
Si, ZnO, GaAs , spinel (MgAl 2 0 4 , particularly (111) 
plane thereof), and a monocrystalline oxide (such as 

10 NGO) may be employed. The n-type nitride semiconductor 

can be obtained in a non-doped state, but may also be 
obtained by diffusing a donor impurity such as Si, Ge 
or S into the semiconductor during the crystal growth 
thereof. The p-type nitride semiconductor may be 

15 formed by diffusing an acceptor impurity such as Mg, 

Zn, Cd, Ca, Be or C into the semiconductor during the 
crystal growth thereof, or by diffusing the acceptor 
impurity and then performing an annealing at a 
temperature of 4 00X3. 

20 The present invention has been described with 

reference to the first to ninth embodiments thereof, 
and will be further explained below by way of its 
Examples. However, the present invention should not be 
limited thereto, and the features and explanations 

25 described with reference to one embodiment can be 

applied to the other embodiments where appropriate. 
For example, the carrier concentration of the layers 
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explained with reference to the fifth and sixth 
embodiments can be applied to the other embodiments , 
even if the materials of the layers are different. 
Example 1 

5 This Example 1 will be explained with reference to • 

FIG. 1 as follows. 

First, using TMG ( trimethylgallium) and NH3 as raw 
materials, a buffer layer formed of GaN was grown at a 
temperature of 50CTC to a thickness of 200 angstroms on 
10 the C-plane of a sapphire substrate 11 which had been 

set in advance in a reaction vessel. 

Then, the temperature was raised up to 105 0°C, upon 
which silane gas was added to the TMG and NH3 , thereby 
growing an n-type contact layer 12 consisting of Si- 
15 doped n-type GaN to a thickness of 4 ^ m in thickness. 

Subsequently, the temperature was lowered down to 
800°C, and TMI ( trimethylindium ) was added to the raw 
material gas thereby growing an n-type clad layer 13 
formed of Si-doped n-type Ing ^ Q5^ a 0 . 9 5 N to a thickness 
20 of 500 angstroms. 

While keeping this temperature of 800T;, an active 
layer 14 of a single-quantum well structure consisting 
of non-doped n-type Ing^Gag gN was grown to a 
thickness of 20 angstroms. 
25 Then, the temperature was raised up again to 

1050°C, upon which TMG, TMA ( trimethylaluminum) , NH3 and 
Cp2Mg ( cyclopentadienylmagnesium) were employed to grow 
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a first p-type clad layer 61 consisting of a Mg-doped 
p-type Alg^GaggN to a thickness of 0.1 fi m. 

While keeping this temperature of 1050°C, a second 
p-type clad layer 6 2 consisting of Mg-doped p-type 

5 A1 0.3 Ga 0.7 N was 9 rown to a thickness of 0.5 m m. 

Then, at this temperature of 1050°C, a p-type 
contact layer 15 consisting of Mg-doped GaN was grown 
to a thickness of 1.0 m m. 

After the completion of the reaction, the 

10 temperature was lowered down to room temperature, and 

the wafer obtained was taken out and then the annealing 
of the wafer was performed at a temperature of 7 0 0°C so 
as to lowering the resistivity of the p-type layers. 
Then, an etching was performed so as to allow the 

15 surface of the n-type contact layer 12 to expose out of 

the uppermost layer of the p-type contact layer- 15. 
After finishing the etching, a current-contracting 
layer 16 consisting of Si0 2 and having an opening 16a 
was formed on the surface of the p-type contact layer 

20 15, and then a positive electrode 17 consisting of Ni 

and Au was formed on the current-contracting layer 16 
to be connected with the p-type contact layer 15 
through the opening 16a. Subsequently, a negative 
electrode 18 consisting of Ti and Al was formed. 

25 Then, the surface of the sapphire substrate 11 on 

which the nitride semiconductor layers were not formed 
was polished to reduce the thickness of the substrate 
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emission output of the LED was 4 mW. 
Example 21 

In the procedures of Example 17, after the 
formation of the n-type contact layer 313, an active 
5 layer 316 of a single-quantum well structure consisting 

of an Ino.4Gag.5N layer having a thickness of 
7 0 angstroms was directly deposited on the n-type 
contact layer 313. In this case, the n-type contact 
layer 313 was intended to function as a first n-type 

10 clad layer. Then, the second p-type clad layer 318 was 

grown on the active layer 316, and the p-type contact 
layer 319 was grown thereon. Subsequent processes were 
performed in the same manner as in Example 17, thereby 
obtaining an LED device . This LED device exhibited a 

15 green emission at 525 nm in peak wavelength, 3.5V in Vf 

and 4 0 nm in half band width under an If of 20 mA. The 
emission output of the device was 4 mW. 
Example 2 2 

The same procedures as in Example 17 were followed 
20 to prepare an LED device, except that an Si-doped n- 

type GaN layer having a thickness of 300 angstroms was 
grown as the first n-type clad layer 315, then a non- 
doped In o.3^ a 0.7 N layer having a thickness of 
20 angstroms was grown as the active layer 316, and 
25 then an Mg-doped p-type GaN layer having a thickness of 

300 angstroms was grown as the first p-type clad layer 
317. The LED device thus obtained exhibited a green 
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emission at 515 run in peak wavelength, 3,5V in Vf and 
40 nm in half band width under an If of 20 mA. The 
emission output of the device was 3 mW. 
Example 23 

5 The same procedures as in Example 17 were followed 

to prepare an LED, except that DEZ was employed as an 
acceptor impurity source, and silane gas was employed 
as a donor impurity source to form an n-type 
In 0 . 05 Ga 0 . 95 N layer having a thickness of 50 angstroms 
10 and doped with Si and Zn as an active layer 316. The 

LED device thus obtained exhibited a green emission at 
480 nm in peak wavelength, 3 - 5V in Vf and 80 nm in half 
band width under an If of 20 mA. The emission output 
of the LED device was 2 mW. 
15 Example 24 

In the procedures of Example 17, a Si-doped n-type 
In 0 . 01 Ga 0 . 99 N layer having a thickness of 500 angstroms 
was grown as the first n-type clad layer 315. Then, in 
order to prepare an active, layer, a non-doped 
20 InQ^ i5 GaQ ,85 N layer having a thickness of 10 angstroms 

was grown as a well layer and a non-doped I n o . 05 Ga 0 . 95^ 
layer having a thickness of 10 angstroms was grown as a 
barrier layer on the well layer. These processes were 
alternately repeated four times, and finally a non- 
25 doped Ing i5^ a Q.85 N we ll layer having a thickness of 10 
angstroms was grown, thereby forming the active layer 
of a multi-quantum well structure having a total 
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thickness of 90 angstroms. Subsequently, a Mg-doped 
p-type InQ b g^Gag ^ gg N layer having a thickness of 
500 angstroms was grown as a first p-type clad layer on 
the active layer 316. Subsequent processes were 
5 performed in the same manner as in Example 17, thereby 

obtaining a wafer. 

Then, an etching was performed on the nitride 
semiconductor layers in the same manner as in 
Example 17, and a mask of prescribed pattern was formed 

10 on the p-type contact layer constituting the uppermost 

layer. Thereafter, a negative electrode having a width 
of 20 m m was formed on the n-type contact layer 313, 
and a positive electrode having a width of 2 /z m was 
formed on the p-type contact layer 319. 

15 Then, the surface of the sapphire substrate 151 on 

which the nitride semiconductor layers were not formed 
was polished to reducing the thickness of the substrate 
to 90 im m . Then, the M-plane of the sapphire substrate 
was scribed and the resultant wafer was cut into chips, 

20 each 700 p m x 700 ^ m square, and fabricated into a 

laser of stripe type as shown in FIG. 13. FIG. 13 
shows a perspective view of the laser device according 
to this Example, wherein the plane of the nitride 
semiconductor layers which perpendicularly intersect 

25 with the positive electrode of stripe-like shape 

constitutes an optical resonance surface. Then, the 
chip thus obtained was set in a heat sink and each 
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electrode was wire-bonded. When this chip was 
subjected to laser oscillation, a laser oscillation at 
390 run under a threshold current density of 1.5 kA/cm 2 
was confirmed. 
5 Example 25 

The same procedures as in Example 24 were followed 
to prepare an LD device except for the formations of 
the active layer and the first p-type clad layer. To 
form the active layer in this Example, a non-doped 

10 Ing ^ -j.5^ a o . 85 N was 9 rown to a thickness of 25 angstroms 

as a well layer, and then a non-doped Ing g^Gag g^N was 
grown to a thickness of 50 angstroms as a barrier layer 
on the well layer. This process was repeated 13 times, 
and finally the well layer was grown, thereby obtaining 

15 the active layer 316 of the multi-quantum well 

structure having a total thickness of 1,000 angstroms. 
On this active layer 316, a first p-type clad layer 
having a thickness of 500 angstroms and consisting of 
A10 . 05GaO . 95N was grown. The LD device thus obtained 

20 exhibited a laser oscillation at 415 nm under a 

threshold current density of 1.0 kA/cm 2 . 
Example 26 

The same procedures as in Example 24 were followed 
to prepare an LD device except for the formations of 
25 the active layer. To form the active layer in this 

Example, a non-doped Ing m isGag m g 5 N was grown to a 
thickness of 25 angstroms as a well layer, and then 
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a non-doped Ing # ggGag m was grown to a thickness of 
50 angstroms as a barrier layer on the well layer. 
This process was repeated 26 times, and finally the 
well layer was grown, thereby obtaining the active 
5 layer 316 of the multi -quantum well structure having a - * 

total thickness of 1,975 angstroms. The LD device thus 
obtained exhibited a laser oscillation at 415 nm under 
a threshold current density of 4.0 kA/cm^ at a room 
temperature. 

10 Example 27 

A blue LED of 450 nm obtained in Example 7, a 
green LED of 515 nm obtained in Example 21 and a red 
LED of 660 nm in emission wavelength and 3 mW in 
emission output which is formed of the conventional 

15 Ga As -based material or AlInGaP-based material were 

assembled as one dot, and a LED panel comprising a 
combination of 16 x 16 (dots) was fabricated. 
Subsequently, a plurality of the LED panels were 
arranged to prepare a full-color LED display having 

20 320 x 240 pixels. The display was capable of emitting 

ten thousand nits of surface emission in white 
luminance . 

As explained above, it is possible according to 
the present invention to provide an LED device and an 
25 LD device which are excellent in emission output and 

brightness . 



to 9 0 a m. Then,, the M-plane (a plane corresponding to 
the side surface of a hexagonal column in the hexagonal 
crystal system) of the sapphire substrate was scribed 
and forcibly cleaved to form a laser chip. Then, a 
dielectric multi-layered film was formed on the cleaved 
surface of the chip, and the resultant chip was 
disposed in a heat sink, and a laser oscillation test 
was performed on this chip at room temperature to 
confirm the generation of a laser oscillation at 450 rim 
under a threshold current density of 2.0 kA/cm^. 
Example 2 

This Example 2 will be explained with reference to 
FIG. 2 as follows. 

In the same manner as in Example 1, a GaN buffer 
layer having a thickness of 200 angstroms was formed on 
a sapphire substrate 21, and an n-type contact layer 22 
consisting of n-type GaN was formed to a thickness of 
4 m by the MOVPE method. 

Then, after forming a second n-type clad layer 7 2 
having a thickness of 0.5 m m and formed of Si-doped n- 
type Alg ^ 3Gag ^ yN, a first n-type clad layer 71 having a 
thickness of 500 angstroms and consisting of Si-doped 

n-type Ing ^ Q5 Ga 0 . 95 N was f orined • 

Then, an active layer 23 of a single-quantum well 
structure having a thickness of 20 angstroms and 
consisting of non-doped Ing . 2 Ga 0 8^ was 9 rown / anc * then 
a p-type clad layer 24 having a thickness of 0.5 fx m 
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and consisting of a Mg-doped p-type Alg^Gag^N, and a 
p-type contact layer 25 having a thickness of 1.0 t± m 
in thickness and consisting of Mg-doped GaN were 
successively deposited thereover. 
5 Then, the same processes as in Example 1 were 

followed to obtain a laser chip, which was then 
disposed in a heat sink to perform a laser oscillation, 
thus confirming the generation of a laser oscillation 
at 450 nm at a threshold current density of 2.0- kA/cm 2 .- 
10 Example 3 

This Example 3 will be explained with reference to 
FIG. 3 as follows. 

First, a GaN buffer layer having a thickness of 
200 angstroms, and an n-type contact layer 32 having a 
15 thickness of 4 *t m and consisting of n-type GaN were 

formed in the same manner as in Example 1 on a sapphire 
substrate 31 by the MOVPE method. 

Then, after forming a second n-type clad layer 82 
having a thickness of 0.5 m m and formed of Si-doped n- 
20 tYP e Al 0.3 Ga 0.7 N ' a first n-type clad layer 81 having a 

thickness of 0.1 /z m and consisting of Si-doped n-type 
In 0 . 05^ a 0 . 95 N was formed. 

Then, an active layer 23 of a single-quantum well 
structure having a thickness of 20 angstroms and 
25 consisting of non-doped In 0-2 Gao.8 N was grown, and then 

a first p-type clad layer 91 having a thickness of 
0.1 ^ m and consisting of a Mg-doped p-type 
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Al 0 3Ga 07 N, a second p-type clad layer 92 having a 

thickness of 0.5 ft m and consisting of a Mg-doped p- 

type Al 0#3 Ga 0-7 N, and a p-type contact layer 34 having 

a thickness of 0.5 n m and consisting of Mg-doped p- 

type GaN were successively deposited thereover. 

Then, after repeating the same processes as in 

Example 1, the resultant laser chip was disposed in a 

heat sink to perform a laser oscillation, thus 

confirming the generation of- a laser oscillation at 

2 

450 run at a threshold current density of 1.0 kA/cm , 
thus obtaining an LD device of lower threshold current 
density as compared with the first and second 
embodiments shown in above Examples . 
Example 4 

The procedures of Example 3 were followed except 
that a Si-doped n-type GaN layer having a thickness of 
0.1 fi m was grown in place of the first n-type clad 
layer 81 (Si-doped n-type In Q # Q5 Ga 0 . 95 N ) • 

Then, a non-doped Ing^Gag^N wel1 la Y er having a 
thickness of 30 angstroms, and a non-doped 
l n 0 08 Ga 0.92 N Carrier layer having a thickness of 
50 angstroms were successively deposited on the clad 
layer 81. These procedures were repeated until a 
multi-quantum well structure of 5-ply laminate 
consisting of a well layer + a barrier layer + a well 
layer + a barrier layer + a well layer and having a 
total thickness of 190 angstroms were obtained, thereby 
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providing an active layer 23. 

Then, the same processes after the formation of 
the active layer 23 were followed as in Example 3 to 
obtain a laser chip, which was then disposed in a heat 
5 sink to perform a laser oscillation, thus confirming 

the generation of a laser oscillation at 500 run at a 
threshold current density of 0.9 kA/cm 2 . 
Example 5 

The procedures of Example 1 were followed except 

10 that after the first clad layer 61 consisting of a Mg- 

doped p-type Al 0sl GaQ^ g N was deposited to a thickness 
of 0-1 p. m, a p-type contact layer 15 consisting of Mg- 
doped p-type GaN and having a thickness of 1.0 At m was 
grown on the first clad layer 61 • 

15 After the completion of the reaction, the 

annealing of the wafer was performed at a temperature 
of 7 0 0T; in the same manner as in Example 1 so as to 
lower the resistivity of the p-type layers. Then, an 
etching was performed so as to allow the surface of the 

20 n-type contact layer 12 to expose out of the uppermost 

layer of the p-type contact layer 15. After finishing 
the etching, a positive electrode 17 consisting of Ni 
and Au was formed on the surface of the p-type contact 
layer 15. Subsequently, a negative electrode 18 

25 consisting of Ti and Al was formed. Namely, an LED 

device was fabricated without forming a dielectric 
multi-layered film. This LED exhibited a blue emission 
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at 450 run and 3.5V in Vf (forward voltage) under an If 
(forward current) of 2 0 mA. The emission output of the 
LED was 6 mW indicating a high output. The half band 
width of the emission spectrum was 20 nm indicating a 
5 sharp band-to-band emission. 

Example 6 

The procedures of Example 1 were followed, except 
that the formations of the current-contracting layer 16 
and the dielectric multi-layered film in Example 1 were 

10 omitted, and a positive electrode 17 was directly 

formed on the p-type contact layer 15 as described in 
Example 5, fabricating an LED device. This LED device 
exhibited a blue emission at 450 nm and 3.5V in Vf 
under an If of 20 mA- The emission output of the LED 

15 was 6 mW indicating a high output. The half band width 

of the emission spectrum was 20 nm as in the case of 
Example 5 indicating a sharp band-to-band emission. 
Example 7 

This example corresponds to the fourth embodiment 
20 of the present invention and will be explained with 

reference to FIG. 1 as follows. 

In the same manner as explained in Example 1, a 
GaN buffer layer having a thickness of 200 angstroms, 
and an n-type contact layer 12 having a thickness of 
25 4 fx m and consisting of n-type GaN were formed on a 

sapphire substrate 11 by the MOVPE method. 

Then, an active layer 14 of a single-quantum well 
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structure having a thickness of 30 angstroms and 
consisting of non-doped Ing^Gag.gN was directly formed 
on the surface of the n-type contact layer 12. Then, a 
first p-type clad layer 61 having a thickness of 
5 0.05 a m and consisting of a Mg-doped p-type 

Al 0 . l Ga 0 . 9 N ' and a P-^ype contact layer 15 having a 
thickness of 0.5 fi m and consisting of Mg-doped p-type 
GaN were sequentially deposited thereover. 

Then, in the same manner as in Example 5, a 
10 positive electrode 17 was formed directly on the p-type 

contact layer 15 to obtain an LED device. This LED 
device exhibited a blue emission at 450 run and 3.5V in 
Vf under an If of 20 mA. The emission output of the 
LED was 7 mW indicating a very high output. The half 
15 band width of the emission spectrum was 20 nm as in the 

case of Example 5 indicating a sharp band-to-band 
emission . 

Comparative Example 

The procedures of Example 5 were followed, except 

20 that after the first p-type clad layer 61 consisting of 

a Mg-doped p-type Alg^GaQ^N was deposited to a 
thickness of 2 ^ m, a p-type contact layer 15 
consisting of Mg-doped GaN was grown to a thickness of 
1.0 fi m on the first clad layer 61. 

25 After the completion of the reaction, the p-type 

contact layer was observed with a microscope, finding a 
large number of crack formed therein. Further, the 
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annealing of the wafer was performed similarly, and an 
LED device was fabricated therefrom similarly. This 
LED exhibited a blue emission at 450 nm, but Vf thereof 
was as high as 10V under an If of 20 mA. The emission 
5 output of the LED was 100 ^ W or less. 

Example 8 

This Example 8 will be explained with reference to 
FIG. 9 as follows. 

First, using TMGand NH 3 as raw materials, a 

10 buffer layer 122 having a thickness of 500 angstroms 

and consisting of GaN was grown at a temperature of 
5 0 0°C on the C-plane of a sapphire substrate 121 which 
had been set in advance in a reaction vessel. 

Then, the temperature was raised up to 105 0°C, upon 

15 which silane gas was added in addition to the TMG and 

NH3, thereby growing an n-type contact layer 123 having 
a thickness of 4 ^ m and consisting of Si-doped n-type 
GaN. The carrier concentration of this n-type contact 
layer 123 was 2 x 10 19 /cm 3 . 

20 Then, TMA was added, while keeping the same 

temperature of 105 0*0, to the raw material gas thereby 
growing a second n-type clad layer 124 having a 
thickness of 0.1 m m. and formed of Si-doped n-type 
AlQ.3Gag.7N. The carrier concentration of this second 

25 n-type clad layer 124 was 1 x 10 19 /cm 3 . 

Subsequently, the temperature was lowered down to 
8 00t:, and by using TMG, TMI , NH3 and silane gases, 
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a first n-type clad layer 125 having a thickness of 
500 angstroms and formed of Si-doped n-type 

In 0 . 01 Ga 0 . 99 N was 9 rown - The carrier concentration of 
this first n-type clad layer 125 was 5 x lO^/cm-*. 
5 While keeping this temperature of 800°C and by 

using TMG, TMI and NH3 , an active layer 126 having a 
thickness of 30 angstroms and consisting of non-doped 

In 0 . 05^ a 0 . 95 N was 9 rown - 

Then, the temperature was raised up again to ~ r 

10 10 50°C, upon which TMG, TMA, NH3 and Cp 2 Mg were employed 

to grow a second p-type clad layer 128, 0.1^ m in 
thickness and consisting of a Mg-doped p-type 
A ^0.3 Ga 0.7 N - Tlie h °l e carrier concentration of this 
second p-type clad layer 128 was 1 x lQ^/cm^, 

15 While keeping this temperature of 1050°C and by 

using TMG, NH3 and Cp 2 Mg, a p-type contact layer 129 
having a thickness of 0.5 jll m and consisting of Mg-doped 
p-type GaN was grown . The hole carrier concentration 
of this p-type contact layer 129 was 5 x 10^/cm^. 

20 After the completion of the reaction, the 

temperature was lowered down to room temperature, and 
the wafer obtained was taken out and then the annealing 
of the wafer was performed at a temperature of 7 0 0°C so 
as to lowering the resistivity of the p-type layers. 

25 Then, after forming a mask of prescribed pattern on the 

surface of the uppermost p-type contact layer 129, an 
etching was performed so as to allow the surface of the 
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n-type contact layer 123 to expose out of the uppermost 
p-type contact layer 129. After finishing the etching, 
a negative electrode consisting of Ti and Al was formed 
on the surface of the n-type contact layer 123, and a 
5 positive electrode consisting of Ni and Au was formed 

on the surface of the p-type contact layer 129. 

After the electrodes were formed in this manner, 
the surface of the resultant wafer was cut into chips, 
each 350 m m x 350 ^ m square, and fabricated into an 

10 LED device having a viewing angle of 15 degrees. This 

LED device exhibited a blue emission at 415 nm in peak 
wavelength and 3.5V in Vf under an If of 20 mA. The 
emission output of the LED was 6 mW. The half band 
width of the emission spectrum was 20 nm exhibiting an 

15 emission of high color purity. 

Example 9 

This Example 9 will be explained with reference to 
FIG. 10 as follows. 

The same processes as in Example 8 were followed 
20 up to the formation of a second n-type clad layer 134 

consisting of n-type Si-doped Alo.3Gag.7N. Then, an 
active layer 136 having a thickness of 4 0 angstroms and 
consisting of non-doped InQ t Q 5 Gag t95 N was grown on the 
surface of the second clad layer 134 under the same 
25 conditions as in Example 8 . 

Then, a first p-type clad layer 137 having a 
thickness of 500 angstroms and consisting of a Mg-doped 



p-type In 0 .oi Ga Q.99 N was deposited on the active layer 
136 at a temperature of 800r by using TMG, TMI , NH 3 and 
Cp 2 Mg. The hole carrier concentration after annealing 
of this first p-type clad layer 137 was 2 x 10 17 /cm 3 . 

Then, after the formation of the first clad layer 
157, the same processes as in Example 8 were followed 
to obtain an LED device shown in FIG. 10. This LED 
device exhibited an emission at 410 nm in peak wave- 
Length and 3.5V in Vf under an If of 20 mA. The half 
band width of the emission spectrum was 20 nm, and the 
emission output of the LED was 5 mW. 
Example 10 

This Example 10 will be explained with reference 
to FIG. 11 as follows. 

The same processes as in Example 8 were followed 
up to the formation of a first n-type clad layer 155 
consisting of Si-doped n-type In Q # 0 l Ga 0 . 99 N • Then, an 
active layer 156 having a thickness of 40 angstroms and 
consisting of non-doped In Q # 0 5 Ga O . 95 N was grown on the 
surface of the first n-type clad layer 155 under the 
similar conditions to those in Example 8. 

Then, a first p-type clad layer 157 having a 
thickness of 500 angstroms and consisting of a Mg-doped 
p-type In 0# oi Ga 0.9 9 N was deposited on the active layer 
156 at a temperature of 800T; by using TMG, TMI, NH 3 and 
Cp 2 Mg. The hole carrier concentration after annealing 
of this first p-type clad layer 157 was 2 x 10 17 /cm 3 . 
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Then, the same processes as in Example 8 were 
followed to form a second p-type clad layer 15 8 
consisting of a Mg -doped p-type Al 0-3 Ga 0-7 N, and a p- 
type contact layer 159 consisting of Mg-doped p-type 
GaN. Then, the same processes as in Example 8 were 
followed to obtain an LED device shown in FIG. 11. 
This LED device exhibited an emission at 4 20 nm in peak 
wavelength and 3.5V in Vf under an If of 20 mA. The 
half band width of the emission spectrum was 20 nm,- and 
the emission output of the LED was 9 mW. 
Example 11 

The same processes as in Example 8 were followed 
up to the formation of a second n-type clad layer 154 
consisting of Si-doped n-type Al 0 / 3 Ga 0-7 N. Then, a 
first n-type clad layer 155 having a thickness of 
500 angstroms and consisting of Si-doped n-type GaN was 
grown on the second n-type clad layer 154. The 
electron carrier concentration of this first n-type 
clad layer 155 was 2 x 10 19 /cm 3 . 

Then, an active layer 156 having a thickness of 
4 0 angstroms and consisting of a non-doped 
In 0 . 05 Ga 0 . 95 N was deposited on the first n-type clad 
layer 155 in the same manner as in Example 10. 

Then, the same processes as in Example 8 were 
followed to form a second p-type clad layer 158 
consisting of a Mg-doped p-type Al 0#3 Ga 0-7 N and a p- 
type contact layer 159 consisting of Mg-doped p-type 
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GaN. Then, the same processes as in Example 8 were 
followed to obtain an LED device. This LED device 
exhibited an emission of 415 run in peak wavelength and 
3,5V in Vf under an If of 20 mA. The half band width 
5 of the emission spectrum was 20 run, and the emission 

output of the LED was 5 mW. 
Example 12 

The same processes as in Example 8 were followed, 
except that the composition of the active layer 126 was 
10 In 0 . 2 Ga 0 . 8 N ' thereby obtaining an LED device. This LED 

device exhibited a blue emission at 455 nm in peak 
wavelength and 3.5V in Vf under an If of 20 mA. The 
half band width of the emission spectrum was 20 nm, and 
the emission output of the LED was 5 mW. 
15 Example 13 

The same procedures were followed to form an LED 
device as in Example 8, except that an active layer 126 
was of a multi-quantum well structure. Specifically, a 
non-doped In 0 ,iGa 0# gN well film having a thickness of 
20 20 angstroms was grown and then an In Q # 0 2 Ga 0 . 98 N 

barrier film having a thickness of 20 angstroms was 
grown, at a temperature of 800°C by using TMG, TMI and 
NH 3 . Then, grown. This process was repeated three 
times, and finally an In Q iGaggN well film having a 
25 thickness of 20 angstroms was grown to obtain the 

active layer 126 of the multi-quantum well structure 
having a total thickness of 140 angstroms. The LED 
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device thus prepared exhibited a blue emission of 
420 nm in peak wavelength and 3.5V in Vf under an If of 
20 mA. The emission output of the LED was 7 mW. 
Example 14 

5 The same procedures as in Example 8 were followed 

to prepare an LED device, except that DEZ ( diethylzinc ) 
was employed as an acceptor impurity, silane gas was 
employed as a donor impurity to form an n-type 
Ing ggGag^ggN layer having a thickness of 50 angstroms 
10 and doped with Si and Zn. The LED device thus obtained 

exhibited a blue emission 450 nm in peak wavelength, 
3.5V in Vf and 70 nm in half band width under an If of 
20 mA. The emission output of the LED was 3 mW. 
Example 15 

15 In the same manner as in Example 8, a first n-type 

clad layer 125 consisting of Si-doped n-type 
In 0 01 Ga 0.99 N ' an act -i ve layer 126 consisting of non- 
doped In Q ^ Q5 Ga 0 . 95 N/ a second P- t YP e clad layer 128 
consisting of Mg-doped p-type Alg # 3^aQ # 7 N, and a p-type 

20 contact layer 129 were successively grown on an n-type 

contact layer 123. Namely, the same procedures as 
Example 8 were followed to prepare an LED, except that 
the second n-type clad layer 124 was not formed. The 
LED device thus prepared exhibited an emission of 

25 410 nm in peak wavelength and 3.5V in Vf under an If of 

20 mA. The emission output of the LED was 5 mW. 
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Example 16 

This Example 16 will be explained with reference 
to FIGS. 12 and 13 as follows. 

The same procedures as explained in Example 8 were 
5 followed up to the formation of the n-type contact 

layer 153. Then, the temperature was lowered down to 
800^, and a thin film consisting of Si-doped n-type 
In 0 . 01 Ga 0 . 99 N having a thickness of 380 angstroms was 
grown by using TMG, TMI, NH3 and silane gas. Then, 

10 after the temperature was raised up to 1050°C, a thin 

film consisting of Si-doped n-type Alg^ 2 Ga o.8 N having a 
thickness of 390 angstroms was grown by using TMG, TMA, 
NH3 and silane gas . These procedures were repeated 
20 time, thereby growing a first n-type multi-layered 

15 film 100 comprising ten layers of Si-doped n-type 

In 0 . 01 Ga 0 . 99 N laminated alternately with ten layers of 
Si-doped n-type Alg^Gag^gN. 

Then, a second n-type clad layer 154, a first n- 
type clad layer 155, an active layer 156, a first p- 

20 type clad layer 15 7 and a second p-type clad layer 158 

were successively deposited in the same manner as in 
Example 10. 

Subsequently, the temperature was lowered down to 
80 Or, and by using TMG, TMI, NH3 and Cp 2 Mg, a Mg-doped 
25 p-type In 0 m oi Ga O . 9 9 N l a Y er having a thickness of 

38 0 angstroms was grown. Then, the temperature was 
raised up again to 1050°C, upon which TMG, TMA, NH3 and 
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Cp2**g gas were employed to grow an Mg-doped p-type 
AlQ -2 Ga 0.8 N having a thickness of 390 angstroms. These 
procedures were repeated, thereby obtaining a second p- 
type multi-layered film 200 comprising ten layers of 
5 Mg-doped p-type Ing ^ gx Ga o . 9 9 N laminated alternately 

with ten layers of Mg-doped p-type AIq . 2 Ga 0.8 N * 

After the formation of the second p-type multi- 
layered film 200, a p-type contact layer 159 was grown 
on the surface of the second p-type multi-layered film 
10 200 in the same manner as in Example 8 to prepare a 

wafer. 

Then, after performing an etching of the nitride 
semiconductor layers in the same manner as in 
Example 8, a mask of prescribed pattern was formed on 

15 the surface of the uppermost p-type contact layer 159 

so as to form a negative electrode 50 m m in width on 
the n-type contact layer 153, and to form a positive 
electrode 10 fi m in width on the p-type contact layer 
159. When the first n-type multi-layered film 100 was 

20 formed on the n-type contact layer 153, a horizontal 

surface for bearing a negative electrode could be 
automatically disposed lower than the level of the 
first n-type multi-layered film 100 as shown in 
FIG . 12. 

25 Then, the surface of the sapphire substrate 151 on 

which the nitride semiconductor layers were not formed 
was polished to reduce the thickness of the substrate 
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to 90 am. Then, the M-plane of the sapphire substrate 
151 was scribed and the resultant wafer was cut into 
chips, each 700 am x 700 fi m square, and fabricated 
into a laser of stripe type as shown in FIG. 13. 
5 FIG. 13 corresponds to a perspective view of the laser 

device according to this Example, wherein the plane of 
the nitride semiconductor layers which perpendicularly 
intersect with the positive electrode of stripe-like 
shape constitutes an optical resonance surface. The 
10 whole surface excluding the electrodes were covered 

with an insulating film (not shown). Then, the chip 
thus obtained was set in a heat sink and each electrode 
was wire-bonded. When this chip was subjected to laser 
oscillation at room temperature, a laser oscillation at 
15 390 nm under a threshold current density of 1.5 kA/cm 2 

was confirmed. 
Example 17 

This Example 17 will be explained with reference 
to FIG. 16 as follows. 

20 First, using TMG and NH 3 as raw materials, a 

buffer layer 312 having a thickness of 500 angstroms 
and consisting of GaN was grown at a temperature of 
500* on the C-plane of a sapphire substrate 311 which 
had been set in advance in a reaction vessel. 

25 Then, the temperature was raised up to 1050*C, upon 

which silane gas was added in addition to the TMG and 
NH 3 , thereby growing an n-type contact layer 313 having 
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a thickness of 4 M m and consisting of an Si-doped n- 
type GaN . 

Then, TMA was added, while keeping the same 
temperature of 1050r, to the raw material gas, thereby 
5 growing a second n-type clad layer 314 having a 

thickness of 0.1 fi m and formed of an Si-doped n-type 
Al 0.3 Ga 0.7 N - 

Subsequently, the temperature was lowered down to 
800r, and by using TMG, TMI , NH 3 and silane gas, a 
0 first n-type clad layer 315 having a thickness of 

500 angstroms and formed of an Si-doped n-type 
In 0 . 01 Ga 0 . 99 N was grown. 

While keeping this temperature of 8 00"C and by 
using TMG, TMI and NH 3 , an active layer 316 of a 
5 single -quantum well structure having a thickness of 

30 angstroms and consisting of non-doped In Q # 8 Ga Q 2 N 
was grown . 

Then, by using Cp 2 Mg in addition to TMG, TMI and 
NH 3 , a first p-type clad layer 317 having a thickness 
' of 500 angstroms and consisting of an Mg-doped p-type 
In 0. 01 Ga 0 . 99 N was grown at a temperature of 800T;. 

Then, the temperature was raised up again to 
1050^, upon which TMG, TMA, NH 3 and Cp 2 Mg were employed 
to grow a second p-type clad layer 318 having a 
thickness of 0.1 fi m and consisting of an Mg-doped p- 
type Al 03 Ga 07 N. 

While keeping this temperature of 1050r and by 
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using TMG, TMA, NH 3 and Cp 2 Mg, a p-type contact layer 
319 having a thickness of 0.5 Mm and consisting of an 
Mg-doped p-type GaN was grown. 

After the completion of the reaction, the 
5 temperature was lowered down to room temperature, and 

the wafer obtained was taken out and then the annealing 
of the wafer was performed at a temperature of 7 00*0 so 
as to lowering the resistivity of the p-type layers. 
Then, after- forming a mask of. prescribed pattern on the 
10 surface of the uppermost p-type contact . layer 319, an 

etching was performed so as to allow the surface of the 
n-type contact layer 313 to expose out of the uppermost 
p-type contact layer 319. After finishing the etching, 
a negative electrode formed of Ti and Al was formed on 
15 the surface of the n-type contact layer 313, and then a 

positive electrode formed of Ni and Au was formed on 
the surface of the p-type contact layer 319. 

After the electrodes were formed in this manner, 
the surface of the resultant wafer was cut into chips, 
20 each 350 y. m x 350 n m square, and fabricated into an 

LED device having a viewing angle of 15 degrees. This 
LED device exhibited a red emission at 65 0 nm in peak 
wavelength and 3.5V in Vf under an If of 20 mA. The 
emission output of the LED was 0.7 mW. 
25 Example 18 

The same processes as in Example 17 were followed 
to prepare an LED, except that the active layer 316 in 
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this example had a composition of ln Q . 05 Ga 0 # gs N and a 
thickness of 10 angstroms. This LED device exhibited a 
bluish purple emission at 425 nm in peak wavelength 
under an If of 20 mA. The emission output of the LED 
was 5 fflW. The half band width of the emission spectrum 
was 20 nm exhibiting an emission of high color purity. 
Example 19 

The same procedures as in Example 17 were followed 
to prepare an LED, except that the composition of the 
active layer 316 was changed to a non-doped 
In 0.2 Ga 0.8 N - This LED device exhibited a blue emission 
4 65 nm in peak wavelength under an If of 20 mA. The 
emission output of the LED was 5 mW. The half band 
width of the emission spectrum was 25 nm exhibiting a 
blue emission of high color purity. 
Example 20 

The same procedures as in Example 17 were followed 
to prepare an LED device, except that an Si-doped n- 
type In 0>01 Ga 099 N layer having a thickness of 

3 00 angstroms was grown as the first n-type clad layer 
315, a non-doped n-type In 0i3 Ga 0>7 N layer having a 
thickness of 10 angstroms was grown as the active 
layer, and an Mg-doped m Q Q1 Ga Q 99 N layer having a 
thickness of 300 angstroms was grown as the first p- 
type clad layer 317. This LED device exhibited a green 
emission at 500 nm in peak wavelength, 3.5V in Vf and 

4 0 nm in half band width under an If of 20 mA. The 



